Introduction
Diesel engines, a special type of internal combustion engine, use heat of compression, rather than electric spark, to ignite hydrocarbon fuels injected into the combustion chamber Diesel engines have high thermal efficiency and thus, high fuel efficiency. They are widely used in commerce prompting continuous improvement in diesel engines and fuels. Concern for health effects from exposure to diesel exhaust arose in the mid-1900s and stimulated development of emissions regulations and research to improve the technology and characterize potential health hazards. This included epidemiological, controlled human exposure, laboratory animal and medianistic studies to evaluate potential hazards of whole diesel exhaust. The International Agency for Research on Cancer (1989) classified whole diesel exhaust as -"probably carcinogenic to humans". This classification stimulated even more stringent re;ulations for particulate matter that required further technological developments. These included improved engine control, improved fuel injection system, enhanced exhaust cooling, use of ultra low sulfur fuel, wall-flow high-efficiency exhaust particulate filters, exhaust catalysts, and crankcase ventilation filtration. The composition of New Technology Diesel Exhaust (NTDE) is qualitatively different and the concentrations of particulate constituents are more than 90%lower than for Traditional Diesel Exhaust (TDE). We recommend that future reviews of carcinogenic hazards of diesel exhaust evaluate NTDE separately from TDE.
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Diesel engines have found increasingly wide application in industry and in the transportation of goods and people around the world from the time of invention of the technology by Rudolph Diesel in the 1890s to the present day. Rudolph Diesel, with an eye to the future, wrote on October 2, 1892 -"This machine is destined to completely revolutionize engine engineering and replace everything that exists" (Mo(lenhauer and . His prophecy was only partially realized during the first century of diesel technology development. He could not have anticipated die recent revolutionary advances that have been made in diesel engine and fuel tedlnology in response to more stringent emission regulations. Those advances in technolo;y and the resulting major reductions in diesel engine exhaust emissions are the subject of this paper.
Diesel engine exhaust is a complex mixture of carbon dioxide, oxygen, nitro;en, nitrogen compounds, carbon monoxide, water vapor, sulfur compounds and numerous low and high molecular weight hydrocarUons, and particulate matter. As will be related in this paper, the relative contribution of each of these compounds or classes of compounds have changed with advances in engine and fuel technology. A key concept well established in the internal combustion engine field is that emissions are influenced by both the engine (and exhaust after-treatment system) and the fuel being combusted. Pre-1980 diesel engines fueled with high sulfur content fuel produced exhaust that contained high concentrations of carbonaceous particulate matter with associated high concentrations of polytydic aromatic hydrocarbons. The exhaust also contained high concentrations of nitrogen oxide (NOX) and gas phase hydrocarbons. That exhaust was of concern because of its impact on visibility and for its potential health hazard. Concern for health impacts and especially, cancer intensified when it was discovered that organic solvent extracts of the exhaust particulate matter were mutagenic in [he Ames bacterial assays.
The finding that extracts of diesel exhaust particulate matter contained muta~enic chemicals was viewed as presumptive evidence that exposure to diesel exhaust particulate matter could pose a carcinogenic hazard. This presumptive evidence had tllree related impacts. First, it stimulated amulti-faceted international research effort to clarify the potential Health hazards of exposure to diesel exhaust. This included epidemiological studies, cocltrolled~~~~--Ce~~r~t,`tly'8 human exposure studies, laboratory animal bioassays and mechanistic studies using both in vivo and in vitro approaches. The research findings were ,reported in the peer-reviewed literature and periodically integrated and evaluated to characterize human health hazards of exposure to diesel exhaust. Most significantly, health hazard assessments focusing on carcinogenic hazard were conducted by international organizations such as the International Agency for Research on Cancer (IARC) and national organizations such as the [Yational Toxicology Program (NTP) in the United States. Second, the presumptive evidence of possible human health hazard stimulated the issuance of increasingly stringent regulations to limit diesel exhaust emissions and, in turn, ambient air concentrations and human exposures. Third, the regulations stimulated research and development efforts that led to the manufacture and marketing of new technology diesel engines that would meet those more stringent regulations.
In this paper, we briefly recount the key regulatory issues of concern for diesel engines and fuels, focusing on emission limits and the characterization of diesel exhaust with regard to its potential carcinogenicity. This paper focuses on regulations and standards promulgated in the United States. However, similar regulations were also promulgated in Europe and in other economically advanced countries around the world (Bauner et al., 2009 ). Thus, there has been regulatory pressure from around the globe to develop new technology diesel engines and fuels, which produce markedly lower exhaust emissions. Hesterberg et al. (2005) coined the term, "New Technology Diesel Exhaust' (NTDE) to describe the emissions from post-2006 diesel engines and from earlier model diesel engines retrofitted with e~chaust after-treatment devices (filters and catalysts) and using ultra-low sulfur fuels. In contrast, Traditional Diesel Exhaust (TDE) refers to emissions from pre-1988 diesel engines sold and in use prior to the US EPA 2007 Heavy-Duty Diesel Emission Particulate Standards as well as the exhaust from transitional engines marketed from 1988 to 2006, a period of continuous improvements in diesel engine technology.
This paper describes the quantitative and qualitative differences between TDE and NTDE. The diesel exhaust particulate matter aggregates of elemental carbon nanoparticles with associated hydrocarbons, that is a prominent constituent in TDE, is shown in Fig. 1 . The emissions of particulate mass in NTDE are substantially lower (less than 1%) than those emitted from 1988 engines. Most importantly, NTDE is virtually free of the elemental carbon particles found in TDE. The specific chemical constituents found in TDE are also substantially reduced in concentration in NTDE. The reductions in concentration are so profound that we ' ,iai.ii~~i~r ecommend that future carcinogenic hazard reviews on diesel engine exhaust and its constituents, such as those to be conducted in the near future by IARC and the NTP, evaluate and classify the. po-_ tential carcinogenic hazard of NTDE separately from that of TDE, either as whole diesel e~chaust or as diesel exhaust particulates.
2. New regulations unpacting on diesel exhaust emissions [n the United States, the stage was set for the development of improved, low emission diesel technology by passage of the Clean Air Act (CAA) Amendments of 7970 which substantially strengthened the regulatory authority available for dealing with ambient air quality (CAA, 1970) . The US Environmental Protection Agency (EPA) was created by Executive Order almost simultaneously with passage of the CAA and began operation on December 2, 1970 (fVixon, 1970 . The EPA was delegated the authority to implement the CAA's numerous provisions.
One section of the CAA, as amended, called for the establishment of National Ambient Air Quality Standards (NAAQS) for criteria pollutants, pollutants that come from multiple sources and are found across the United States. The criteria pollutants included particulate matter (PM), hydrocarbons (HC), nitrogen dioxide (NOZ), sulfur dioxide (SOz), and carbon monoxide (CO), all ofwhich were prominent constituents in the exhaust of ca. 1970 diesel engines. In addition, photochemical oxidants (with ozone later iden-ti6ed as the indicator) was listed as a criteria pollutant. Ozone is formed in the atmosphere in the presence of sunlight by chemical reactions among NOx and volatile organic compounds (VOCs), which are emitted in diesel exhaust.
Another section of the CAA provides for the regulad~n of hazardous air pollutants (HAPs), agents whose emissions are typically related to specific sources, through the setting national emission standards for hazardous air pollutants (NFSHAPS). Very slow progresswas made in the 1970s and 1980s in setting NESHAPs, in part, due to the challenge of establishing standards for agents that were identified as posing a potential carcinogenic hazard. This prompted a change with the CAA amendments of 7990 to an approach based on first implementing emission limits based on ma~cimum achievable control technology on an industry sector-by-sector basis, for example, the pulp and paper industry (CAA. 1990) . This was to be followed by an assessment of any residual risk that needed to be addressed through additional regulations and emission controls.
Other sections of the CAA specifically provide for setting standards for engine emissions including emission standards for diesel Fig. 1 . Scanning electron miao~raph of Traditional Diesel Exhaust particulate matter (from Mollenhauer and Tschoeke, 2010j . Primary particles w~i[h diameters of less rhan 10 nm that rapidly a~gre~ate to a size distribution that is Iog-normal and with median diameter of approximately SO-100 nm. The elemeneal carbon particles adsorb and absorb hydrocarbons, sulfates and trace metals. engines. These standards are based on concern for the potential health effects of the emissions. However, the specific standards are not linked to achieving a specified, acceptable level of associated health risk, but rather have a strong technology-forcing character. In short, each progressively more stringent emission standard has been viewed as achievable with the advanced technology in hand or, in some cases, with an eye to new technology on the horizon or anticipated to be developed. Indeed, the progressively more rigorous diesel engine emission standards can be viewed as analogous to maximum achievable control technology standards.
Using the legislative framework of the CAA, the EPA has issued a series of regulations (Table 1) that have impacted the development and deployment of new technology diesel equipment and die use of improved diesel fuel. The myriad of regulations promulgated since the earlier fARC (1989) reviewcan be summarized as follows:
(i) Diesel fuel sulfur levels for on-road vehicles have Veen reduced from 500 ppm and higher to less than 15 ppm. 227 (ii) Heavy-duty on highway (HDOH) diesel engine PM emission standards have been reduced by 90%, from 0.70 g/bhp-hr to 0.01 g~bhp-hr ( Fig. 2 ). (iii) HDOH diesel engine NOX emission standards have been reduced by more than 90%, from 4.0 g~bhp-hr to 0.20 gb hp-hr ( Fig. 3 ). (iv) Non-road diesel engine PM emission standards have been reduced by more than 90%, from 0.60 g~bhp-hr to 0.01 {or 0.02) g~bhp-hr. (v) IVon-road diesel engine NOX emission standards have been reduced Uy more than 90%, from approximately 5.G g~bhphr (or higher) to 030 g~blip-hr.
The issuance of these increasingly stringent emission standards has been bolstered by changes over the last four decades in the National Ambient Air Quality Standards (NAAQS) for particulate matter (PM) ( Table 2) , Ozone (03) ( Table 3 ) and nitro;en dioxide (IYOZ). Each of [he NAAQS consists of four elements: indicator, averaging time, concentration and statistical form; the latter two Table 1 Summary of Key Regulations in the USA that have stimulated the development of improved diesel engine technology and fuels with markedly reduced exhaust emissions (see website of EPOA's Office of Transportation and Air Quality for details (<ht[p:~~www.epa.gov~otagJ>) .
Year Regulation 1968 First "smoke standard" promulgated for on-road heavy-duty diesel engines (HDDE) 1970 Clean Air Act Amendments passed with provision for establishing !National Ambient Air Quality Standards (NAAQS) for criteria pollutants, regulation of hazardous air pollutants and provisions for setting emission limits for sources including diesel-powered equipment 1971 EPA issues NAAQS for Particulate Matter (PM), Photochemical Oxidants, Hydrocarbons (HC), nitrogen oxides (NOx), Carbon Monoxide (CO) and Sulfur Dioxide (SOz) 1974 EPA issues regulations for CO and wmbined HC + NOx emissions from HpDE 7985 EPA implements new NOx regulation (10.7 g~bhp-hr) for on-road HDDE [o replace combined HC and NOx standard 1987 EPA issues regulations with reduced PM emission limits of 0.2 g~mile and 0.26 g~mile for light duty diesel cars and HDDE, respectively 7991 EPA issues regulations reducing PM emissions to 0.25 g/bhp-hr (or HDDE in trucks and urban buses and reducing NO, emissions to 5.0 g~bhp-hr 1993 EPA reduced PM emissions [0 0.1 g~bhp-hr and sets highway diesel fuel standards of less than 500 ppm sulfur and 35% by weigh[ of aromatic hydrocarbons 1994 EPA reduces PM emissions limit [0 0.7 g/bhp-hr and 0.07 g~bhp-hr For on-road HDDE for [rucks and urban buses, respectively EPA issues TIER ]emission standards for CO, HC, PM, N0, and smoke emissions for non-road diesel engines at or above 37 kW. EPA TIER 1 standards far lightduty vehicles phased in [1994] [1995] [1996] [1997] 997 EPA establishes new emission limits for model year 2004 and later truck and bus HDDE, targeting N0, and non-methane HC (NMHC) using two alternative standards (either a combined NOx + NMHC limit of 2.4 g~bhp-hr, or a fYOx limit of 2.5 gbhp-hr and a NMHC limit of O.SO~bhp-hr EPA promulgates exhaust emission standards for NOx, HC, CO, PM and smoke for newly manufactured and re-manufactured locomotives and locomotive engines EPA issues NAAQS for PM using Particulate Matter 2.5 µm (PMZ.S) as indicator 7998 EPA sets emission standards for new diesel engines used in non-road construction, agricultural, airport and industrial equipment and certain marine applications 1999 EPA sets NOx and PM emission standards for large marine diesel engines in US waters 2000 EPA issues "2007 Heavy-Duty Highway Rule;' establishing updated emission limits for 2004 and later heavy-duty engines and vehicles and highway diesel fuel (ultra- The particles contained in TDE are less than 2.5 µm. I<ittelson (1998) reported that TDE is composed of particles in three distinct modes: nucleation (3-30 nm), accwnulation (30-500 nmj and coarse (larger than 500 nm) mode. The majority of [he particulate mass is in the nucleation and accumulation modes with only 5-20% of the mass in particles greater than 500 iun. Because of [heir size, the exhcust particles in TDE are present in the TSP, PM,o and PMZ. ; size functions. However, as the indicator for the particulate matter NAAQS shifts from TSP to PM,~ to PMT.;, a constant concen- The level of the annual standard is defined to one decimal place (i.e. 75.0 µg~m3) as determined by rounding. For example, a 3-year average annual mean of 15.04 µgym' would round to 15.0 µg/m3 and, hence, violate the annual standard (40 CFR part 50 Appendix N).
The level of the standard was to be compared to measurements made at sites that represent "community-wide air quality" recording the highest level, or, if specific requirements were satisfied, to average measurements from multiple community-wide air quality monitoring sites ("spatial averaging" tration of TDE particulate matter in the sampled air represents a larger portion of the sampled PM as the indicator shifts to smaller particles. As a result, each change in the indicator for the PM NAAQS has led to increased pressure on reducing diesel exhaust particulate emissions, since they represent a greater portion of the PM inventory that mi;ht potentially Ue controlled. For example, 1µg of TDE~m' as a portion of the annual NAAQS set nor TSP (1971; at 75 µgJm3, for PM,~ (1987) at 50 µg~m3 and for PM~.S (1997) at IS~I~%1113, represents t3°b, 2.0% and 6.7%, respectively, of the annual standard. The PM NAAQS set in 2006 is cw~rently under review as part of the periodic updating of each NAAQS specified by the CAA. That review has focused on potential additional reductions in the annual PMz,s NAAQS now set at 15 µgl m3 and, perhaps, the 24-h PMz.s NAAQS now set at 35 u~~m3. The review process has been delayed and is now scheduled to be completed in 2013. Any increase in die stringency of the PMT.; NAAQS will brin; ino-eased pressure on reducing all sources of PiVIZ.S including diesel exhaust particulate emission.
In the case of the NAAQS for photochemical oxidants, the indicator and associated measurement metllods set in 1971 for photochemical oxidants was changed in 1979 to Ozone. The aveia;ina time was changed in 1997 from the highest ]-h concentration to the highest 8-h average concentration. The changes in the NAAQS for Ozone have not been as dramatic as for PM. However, the level and.statistical form of the 8-h averaging time standard needs to be considered within the context of natural background concentrations of ozone. Wang et al. (2009) used a global chemical transport model (GEOS-Chem) with a 1° times 1° horizontal resolution to quantify daily maximum S-h average concentrations in the US surface air. They found that eliminating US anthroprogenic emissions of Ozone precursors (NOXj and volatile organic compounds would maintain surface Ozone concentrations in the US below 60 ppb at all times. Zhang et al. (2011) extended the modeling of Wang et al. (2009) using a horizontal resolurion of 1 ~2° times 2~3°. They found background ozone (4th highest 8-h average) concentrations exceeding &0 ppbv in the Intermountain Western US and suggested this region would require special consideration if the Ozone [VAAQS were revised to the 60-70 ppbv range as has been proposed. The NAAQS for Ozone is currently under review as part of the periodic 5-year review cycle specified by the CAA. McClellan (2017) has provided perspective on the Ozone NAAQS review which has focused on reductions from 75 ppb, the highest 8-h average IVAAQS set in 2008, to 60-70 ppb, with attainment based on the fourth highest daily maximum 8-h concentration, averaged over 3 years. That review should be completed in 2013 or 2014. Needless to say, the increased stringency of the Ozone NAAQS, and the potential for an even more stringent standard will place more pressure on reducing NOX and VOC emissions from all sources, including diesel engines.
The original NAAQS for [VOZ was set in 1971 with NOZ as the indicator, an annual averaging time, a level of 53 ppb and a form based on the annual arithmetic average. The NOZ NAAQS was reevaluated in 1985 and 1996 and retained without revisions. In 2010; the NOZ NAAQS was revised significantly. The primary annual NOz NAAQS was retained and a new 1-h averaging time standard was introduced with the level set at 100 ppb. The form was set at the 3-year average of the 98th percentile of the yearly distribution of ]-h daily maximum NOZ concentrations. The ]-h standard places emphasis on reducing NOz emissions from on-road vehicles, including diesel-powered vehicles, in an effort to reduce ambient NOZ levels near roadways.
The CAA (1970 CAA ( , 1990 delegates to the individual states responsibiliry for air quality programs to monitor the criteria air pollutants and, most importantly, to put in place programs to assure that the individual NAAQS are attained. The details of those programs are beyond the scope of this paper. Suffice it to note, the individual states that have areas whose air quality does not meet or attain the individual NAAQS must create state implementation plans (S[Ps). The SIPS must outline a strategy for bringing non-attainment areas into attainment with each of the NAAQS. The activities developed and described in the SIPS extend to planningfor changes in the deployment and use of technologies such as diesel engines whose emissions may impact on air quality.
By way of background, regulatory efforts to reduce emissions from gasoline-fueled vehicles-preceded the major regulatory initiatives for diesel-fueled engines. The EPA clean fuel program established standards in 1973 that gradually reduced the amount of lead in gasoline (Colucci, 2004) . The lower lead content reduced health risks in two ways. First, it directly reduced the exhaust emissions of lead, a known neurotoxicant. Second, elimination of lead in gasoline was critical to enabling the use of advanced after-treatment technologies such as 3-way catalytic converters that reduce the emissions of CO, NO,~ and hydrocarbons in exhaust from gasoline-fueled vehicles. The presence of even trace levels of lead in the fuel and, in turn, in the exhaust poisoned the catalyst in the exhaust treatment system rendering them ineffective. The CAA amendments of 1990 and EPA regulations Uanned lead in gasoline after 1995. If those changes had not been made, air quality improvement would not have occurred and the literature on gasoline exhaust related health effects. might have been quite different in 1988 and today.
The reduced emissions from gasoline-fueled vehicles and associated reductions in human health hazards' were already being viewed in 1988 as a technological success story. However, addi-. tional improvements in gasoline engine technology, reduction of the sulfur content of gasoline, and reformulation of gasoline have resulted in further reductions in emissions from gasoline-fueled vehicles. Colucci (2004) and Twigg (2005) have provided a historical review of this extraordinary technology success story, emphasizing the critical role of three-way catalytic converters to markedly reduce exhaust emissions of hydrocarbons, carbon monoxide and nitrogen oxides from gasoline-fueled engines. Indeed, in a manner analogous to our discussion of'fDE and NTDE, it is appropriate to separately consider traditional gasoline exhaust (TGE) and modern gasoline emissions (MGE). This shift from TGE to MGE occurred rapidly starting in the 1970s with removal of lead from gasoline and progressive reductions in the sulfur content.of gasoline allowing the introducrion of 3-way catalysts in the exhaust system. The 1988 IARC review of gasoline engine exhaust was largely based on TGE. The June 2012 review of gasoline engine exhaust should consider the distinction between TGE and MGE.
All of the regulations noted in Table 1 , taken together, resulted in the need for and implementation of fundamental changes and advancements in the design, performance, sophistication and efficiency of diesel engine systems and the fuels upon which they operate in order to meet the regulations. This, in tum, has yielded profound changes in the concentrations and chemical composition of the exhaust from diesel engines since the last [ARC carcinogen hazard classification review was conducted in 1988 (IARC, 1989) . The net result is a technological success story similar to that achieved earlier for gasoline-fueled vehicles.
New technology diesel developments since the mid-1980s
The comprehensive regulatory programs enacted to reduce diesel emissions to near-zero levels have resulted in a major paradigm shift in diesel engine emission control technologies since 1989 ( Fig. 4 ). What started as evolurionary advances transitioned to revolutionary advances that markedly reduced and changed diesel engine emissions. Diesel emission control strategies have moved from the earlier engine-based designs and specific hardware improvements to fully integrated designs and systems -systems that encompass improved diesel fuels with ultra-law sulfur content, improved diesel engine components, catalyzed exhaust after-treatment systems, and electronic sensing and control systems (Banner et al., 2009; Charlton et al., 2010; Co(ucci, 2004; Dollmeyer et al., 2007; Johnson, 2010 Johnson, , 2011 Tschoeke et al., 2010) .
The fully integrated systems approach of the new technology has resulted in more than order-of-magnitude emission reductions and, in many cases, the virtual elimination of the emitted compounds, including the halimar]< elemental carbon nanoparticles with associated hydrocarUons, that were of concern at the time of IARC's evaluation of Traditional Diesel Exhaust in 1988 (Khalek et al., 2011; Liu et al., 2008a Liu et al., ,b, 2009a Liu et al., ,b, 2010 .
The myriad of technological advancements that have Veen developed over the past two decades through the integrated approach to reduce diesel emissions can be summarized as follows:
(i) diesel engine control systems are now fully electronic and computerized, not mechanical, which allows for very precise, second-by-second management of the fuel injection and comUustion processes; (ii) fuel-injection pressures and fuel atomization have increased dramatically through the introduction of high-pressure fuelinjection systems and turbochargers, which promote more complete and clean combustion; (iii) diesel exhaust cooling systems have advanced to control IVOX emissions through sophisticated fuel-injection timing and rate-shaping, exhaust gas management, and enhanced charge-air cooling systems; (iv) diesel oxidation catalysts have advanced to the point where they can allow for the virtual elimination of hydrocarbons and other organic emission species under a broad range of operating conditions; (v) filters or coalescers have been installed in crankcase ventilation systems to reduce significantly the particulate matter emissions from crankcase gases; and (vi) the introduction of ultra-low sulfur diesel ("ULSD") fuels, defined in the USA as having less than 15 ppm sulfur, has allowed for the deployment of wall-flow diesel particulate filters ("DPFs"), and the use of catalysts which have fundamentally changed the composition of diesel particulates while reducing their emissions to near-zero levels.
Taken together, the foregoing new-technology diesel engine system components (specifically oxidation catalysts, fully integrated electronic control systems, and wall-flow DPFs capable of achieving the 0.01 g~bhp-hr PM standard) and the use of ULSD have resulted in new-technology diesel engines. As we describe later, the resultant New Technology Diesel Exhaust (NTDE) is fun-damei~tatly different, both quantitatively and qualitatively, from the "uncontrolled" Traditional Diesel Exhaust (TDE) that was the subject of the 1988 IARC evaluation process.
Periodic health assessments of diesel exhaust
Another impetus for Ule development of diesel regulations and tedlnology came from the periodic health assessments conducted Uy international and national organizations ;TaUle 4). The most influential carcinogenic hazard assessments are those conducted by the International Agency for Research on Cancer (IARC). The [ARC process will be descriUed in detail in the next section. The IARC review held in 1988 and published in 1989 classified whole diesel exhaust in Group "2A, probably carcinogenic to humans," based on evidence from exposure evaluations, epidemiological investigations, laboratory animal studies and supporting information (IARC, 1989) . The same [ARC Working Group evaluated whole gasoline exhaust and classified it in "Group 2B, possibly carcinogenic to humans." The basis for those overall evaluations will be discussed later. The carcinogenic hazard classification for diesel technology was also noted by the International Program on Chemical Safety (IPCS) in its Environmental Health Criteria Report (IVo. 171) for diesel fuels and exhaust emissions (IPCS, 1996) . The California Air Resources Board (GARB) listed "particulate emissions from diesel-fueled engines" as a toxic air contaminant (TAG) based on its carcinogenicity (GARB, 1998a-d) . The 9th report on carcinogens (NTP, 2000) , prepared by the National Toxicology Program (N7P), listed "diesel exhaust particulates" as "reasonably anticipated to be a human carcinogen (NTP, 2000) . The US Ei~vironmental Protection Agency, in its Health Assessment Document for Diesel Engine Exhaust, classified diesel engine exhaust as "likely to be carcinogenic to humans" (US EPA, 2002) .
[t is important to note that the IARC evaluation and, later, [hat of the US EPA, was for "diesel engine exhaust" while GARB and NTP evaluated "particulate emissions from diesel-fueled engines" and "diesel exhaust particulates;' respectively. ?he focus of GARB and the NTP was on elemental carbon particles with associated hydrocarbons present in TDE such as those shown in Fig. 1 , particles that have been virtually eliminated from NTDE. As will be reviewed later, TDE is a complex mixture of gases, semi-volatile chemicals and particulate matter with adsorbed and absorbed chemicals. [n contrast, NTDE consists largely of gases with extraordinarily low concentrations of particulate matter that is altered in composition compared to TDE.
All of these hazard assessment reports noted that diesel engine technology was changing and that when advances were made it would be appropriate to review the general applicability of the health hazard conclusions based on traditional technology to the newly emer~in~ [echnolo~y developed. IARC expressly noted that "changes are expected in the future" QARC, 1989) . The EPA Health Assessment Document (US EPA, 2002) specifically stated -"The health hazard conclusions are based on exhaust emissions Crom diesel engines built prior to the mid-1990s...." "As ne~v and Table 4 Summary of diesel exhaust~diesel exhaust particles hazard assessments conducted by regulatory agencies and authoritative bodies (Adapted from HEI, 2002) .
Regulatory agency authoritative body, date
Summary of key findings MOSH (1988) .Animal evidence "confinna[ory" for carcinogenesis . Human evidence "limited" . Diesel exhaust classified a "potential occupational carcinogen' . No quantitative risk assessment for DE carcinogenicity IARC (1989) .Rat data "sufficient' for carcinogenicity . Human epidemiology data "limited" . Diesel exhaust classified as a "probable human carcinogen" (Group 2A) . No quantitative risk assessment for DE carcinogenicity WHO (1996) .Rat data support carcinogenicity . Based on human epidemiology data, conclude that DE is "probably carcinogenic" . Epidemiology studies considered "inadequate for a quantitative estimate of human risk" . Rat data used for quantitative risk assessment California EPA (1998) .Rat data "have demonstrated" carcinogenicity of diesel exhaust particles . Causal association of diesel exhaust and luny cancer in epidemiology studies is a "reasonable and likely explanation" . Designated diesel particulate matter a "toxic air contaminant" . Human epidemiologic data used in quantitative risk assessment NTP (2000) .Diesel exhaust particulates classified as "reasonably anticipated to be a human carcinoge~i' based on elevated lung cancer in occupational groups exposed to diesel exhaust, and suppoRing animal and mechanistic data . No quantitative risk assessment for DE carcinogenicity US EPA (2002) •Diesel emissions classified as "likely ro be carcinogenic to humans" . Strong, but less than sufficient, epidemiologic evidence . Evidence of carcinogenicity of diesel exhaust particles in rats and mice by non-inhalation routes of exposure . Supportive data demonstrating mutagenic and~or chromosomal effects of DE and its organic constituents . No quantitative risk assessment for DE carcinogenicity ACGIH (2003) DEP withdrawn from Notice of Intended Changes (NIC) in "2003 TLVs and BEts: Threshold limit values for chemical substances and physical agents and biological exposure indices" (DEP formerly proposed as an A2 "suspected human carcinogen" in 1995 NIC with a recommended threshold limit value (TLV) of 150 µg~m3; in 1999, ACGIH revised its proposal, lowering the recommended TLV to a value of 50 µg~m3) . No quantitative risk assessment for DE carcinogenicity cleaner diesel engines, together with different diesel fuels, replace a substantial number of existing engines, the general applicability of the health hazard conclusions will need to be re-evaluated."
The IARC has announced it will review the classification of "diesel and gasoline engine exhausts and some nitroarenes" at a meeting to be held June 5-12, 2012 in Lyon, France (IARC, 2012a ). This will be the first carcinogenic hazard assessment for diesel exhaust conducted since substantial advances have been made in technology that have profoundly reduced diesel exhaust emissions and fundamentally changed their composition, resulting in NTDE that will need to be evaluated separately from TDE. [t can be anticipated that other authoritative bodies such as the WHO, US EPA, CARB and N7'P will also review their previous hazard classification actions on diesel engine exhaust. Indeed, the NTP has already announced its intention [o review the classification of "diesel exhaust particulates" for inclusion in the ]3th report on carcinogens (NTP, 20]2). To a variable degree, those organizations are likely to take account of the actions of IARC at its June 2012 meeting while still fulfilling their own independent mandates.
fARC evaluation of carcinogenic hazards
Cancer, a family of diseases characterized by new and uncontrolled growth of tissue, has long been of concern to humans because of its frequent occurrence, particularly late in life. ft is estimated that in indusn-ialized societies with populations that have a long lifespan, about 40% of individuals will develop cancer sometime dw-in~ their life and aUout one in four individuals will die with cancer (Ayres et aL, 2010) . Lund cancer is one of the most common cancers with a large portion of cases atn-ibuted [o cigarette smoking. The role of various chemical and biological agents and different lifestyles in causing cancer has received substantial attention stimulated by the view that if the causes of cancer could be identified, then exposure to the suUstances could be reduced or, perhaps, even eliminated.
Not surprisingly, IARC after its establishment in 1965 received frequent requests for information on known or suspected carcinogens (IARC, 2006) . In response, the IARC in 1969 initiated a program on the evaluation of the carcinogenic risk of chemicals to humans, a program that involves the production of critically evaluated monographs on a wide range of agents. The scope of the IARC monographs soon broadened to include groups of related chemicals, complex mixtures, occupational exposures, physical and biological agents and lifestyle factors. This broad scope was recognized in 7988 with the title of the document series changed to "IARC Monographs on the Evaluation of Carcinogenic Risk to Humans."
The preamble to each IARC monograph includes a statement of the scientific principles used to evaluate and classify various agents as to their potential for causing cancer in humans (IARC, 2006) . As the preamble notes -"A Cancer 'hazard' is an agent that is capable of causing cancer under some circumstances, while a cancer 'risk' is a4i estimate of the carcinogenic effects expected from exposure to a cancer hazard." The Monographs are an exercise in evaluating cancer hazards despite the historical presence of the word 'risks' in the title (IARC, 2006) . As an aside, evaluation of health risks requires knowledge of the intensity and duration of exposure to an agent and the potency of the hazardous agent for causing the health effect of concern, for example, cancer. The Preamble males note of the historical use of "strength of evidence" in evaluating carcinogenicity and then proceeds to state -"it should be understood that Monograph evaluations consider studies that support a finding of a cancer hazard as well as studies that do not."
The (ARC convenes a separate workin; group of experts to develop eadi volume of dle monographs. The working group meinbers ;enerally have published significant research related to the carcinogenicity of the agents being reviewed. The hlono~iaph evaluation and dassifica~ion process only uses papers that have been published and accepted for publication in the openly available scientific literature. Each Mono~rapli consists of six sections: (a) exposure data, (U) studies of cancer in humans, (c) studies of cancer Not classifiable as to its Inadequate evidence in humans and inadequate or limited evidence in experimental animals carcinogenicity in humans or Inadequate evidence in humans but sufficient evidence in experimental animals, but strong evidence that the mechanism of carcinogenicity in experimental animals does not operate in humans or Agents that do not fall into any other group may be placed in Group 3 4 Probably not carcinogenic to Evidence suggesring lack of carcinogenicity in humans and experimental animals humans or Inadequate evidence of carcinogenicity in humans but evidence suggesting lack of carcinogenicity in experimental animals, consistently and strongly sup{wrted by a broad range of mechanistic and other relevant data in experimental animals, (d) mechanistic and other relevant data, (e) summary, and (f) evaluation and rationale. The exposure data section contains general information on each agent. This includes tl~e composition of the agent, analysis and detection methods, production and use, and occurrence and exposure. It is noteworthy that the preamble explicitly notes "Whenever appropriate, other information, such as historical perspectives -may be included." This will be especially important far the upcoming evaluation of diesel exhaust in view of the marked changes in diesel engine exhaust that have occurred with recent technological advances, which changes are the focus of this review.
Studies of humans always have a central role in the IARC evaluation and classification process. This includes multiple types of epidemiological studies -cohort studies, case-control studies, correlation (or ecological) studies and intervention studies.
Studies of cancer in laboratory animals have also traditionally had a key role in evaluating and classifying agents as to their liuman carcinogenic potential. In fact, the preamble (IARC, 200G) notes -"All know~~ human carcinogens drat have been studied adequately for carcinogenicity in experimental animals have produced positive results in one or more animal species" (Tomatis et al., 1989; Wilbourn et aL, ]986 ). Studies of the carcinogenic potential on agents in laboratory animals are of special significance when epidemiological evidence is not available on the agent.
In the various lARC mono;raphs prepared in recent decades, the section on Mechanistic and other relevant data have been an ina~easin~ly important part of each mono;raph (IARC, 1997 (IARC, , 2005 (IARC, , 2006 Vainio et al., 1992 Vainio et al., ,1995 . This includes information on toxicol<ine~ics and mechanisms of carcinogenesis including physiological changes, changes in cell function and molecular changes such as genetic alterations.
The summary section of each monograph draws together in a concise manner the information on (a) exposure data, (b) cancer in humans, (c) cancer in experimental animals, and (d) mechanistic and other relevant data.
The final element of each monograph on an agent is the evaluation and rationale section. This section evaluates the strength of the evidence for carcinogenicity arising from human and experimental data using standard terms. In addition, the strength of the mechanistic evidence is also characterized.
The key descriptive phases for each kind of evidence are: sufficient evidence of carcinogenicity, limited evidence of carcinogeniciry, inadequate evidence of carcinogenicity, and evidence suggesting lack of carcinogenicity. The basis for selecting from among those four descriptors is given in the preamUle (IARC, 2006) . At the final step in the evaluation and classification process an overall evaluation is made of the carcino;eniciry of the agent to humans. The [ARC carcinogenic hazard classification scheme is summarized in Table 5 .
The reviews and classifications are published in monographs that are widely used around the world as the most authoritative sources of information on the cancer causing potential of various agents and exposure circwl~stances. [ARC recently published monograph volume 100 consisting of 6 parts (fARC, 2011a (fARC, -d, 2012a . The monographs are summarized in six papers published in Lancet: pharmaceuticals (Grosse et al., 2009) (Secretan et al., 2009 ). As of January 1, 2012, IARC has reviewed 942 substances and exposure circumstagces with 107_ classified. in Group 1 (carcinogenic to humans), 59 in Group 2A (probably carcinogenic to humans), 267 in Group 2B (possibly carcinogenic to humans), 508 in Group 3 (not classifiable) and 1 in Group 4 (probably not carcinogenic to humans) (IARC, 2012b).
6. IARC 1988 review of diesel exhaust, gasoline exhaust and some nitroarenes [n convening a working group of experts, IARC frequently takes advantage of their expertise to review several related agents or substances at the same time. That was done in the June 14-21, 1988 meeting when diesel and gasoline engine exhaust and some nitroarenes were evaluated (IARC, 1989) . It was natural to review the information on exhaust from diesel and gasoline-fueled engines at the same time, since those are the dominant liquid hydrocarbon fuels used around the world. Some nitroarenes were included in the 1988 review because during the mid-1980s considerable attention was being given to this class of compounds as mutagenic and putative carcinogenic agents within engine exhaust emissions.
By way of background, it is useful to recount some of the deliberations that took place at the beginning of the 1988 review. One of us (Roger O. McClellan) participated in that review as Chair of the animal studies subgroup. Two viewpoints were advanced by different participants as the working group began the review session in Lyon, France. Some participants expressed the view that it might be appropriate to consider as a broad class internal combustion engine exhaust, combining the evidence for both diesel engines and gasoline engines. Those advancing this approach noted that many chemical compounds found in engine exhaust were common to both types of engine exhaust and that some epidemiological evidence was based on populations for which the exposures could not be specified as being primarily from diesel or gasoline engines; the exposures were mined. Points favoring the separate evaluation of diesel and gasoline engine e3chaust were the existence of clear quantitative and qualitative differences in the exhaust from the two types of engines. [t was also noted that the carbonaceous componentand associated chemicals emitted by diesel engines were of particular concern (recall Fig. l ). Moreover, it was apparent from a cursory review of the long-term animal studies with diluted whole engine exhaust that the results from studies with the diesel exhaast were different from those with gasoline engine exhaust exposure. Those who favored lumping the two types of engines countered by noting that both extracts of diesel exhaust particles and condensatesJextracts of gasoline engine exhaust yielded positive results in in vitro studies. It is noteworthy that some of the gasoline engine condensate extract studies were conducted with TGE and some with MGE. Samples of gasoline engine exhaust studied at the US EPA as part of their comparative potency project Lewtas et al., 1983) were from a mal-tuned gasoline-fueled vehicle. [t was necessary to mal-tune the engine in order to obtain sufficiently large samples of particulate material from a gasoline fueled engine to use in the Uiological studies.
fn the end, the decision was made in 1988 to provide separate evaluations of the different kinds of evidence, when availaUle, for whole diesel engine exhaust, gas-phase diesel engine exhaust, extracts of diesel engine exhaust particles, whole gasoline engine exhaust, and condensates extracts of gasoline engine exhaust and engine exhaust (unspecified as from diesel or gasoline engines), and to provide overall evaluations for diesel engine exhaust and ;asoline engine exhaust as shown in the two left hand columns of Table 6 . We will. discuss the four columns on the right side of Table 6 later.
As is.customary in IARC evaluations, the. working group considered the information available on the composition of engine exhaust and exposure data as background for evaluating the health effects information. We will discuss key conclusions drawn in that section of the monograph ([ARC,1989) later when we compare and contrast TDE and NTDE.
The core of every IARC evaluarion is the carcinogenicity data available from human studies and laboratory animal studies. The first step in the evaluation process for both epidemiological and laboratory animal studies is to consider the quality of the various studies. In a second step, the studies characterized as well-designed and well-conducted are evaluated for the strength of the evidence for an association between exposure and carcinogenic outcome.
The human data evaluation in 1988 focused on five cohort studiesand five case-control studies that evaluated the risk of lung cancer and exposure to diesel exhaust, and three cohort studies and four case-control studies that evaluated the risk of bladder cancer and exposure to diesel exhaust. In all cases, the human exposure involving TDE had begun as early as the 1940s, a time when diesel engines were beginning to find increasing application in the transportation of goods and people. Inadequacies in the exposure characterization were a major limitation to varying degrees in all of the epidemiological studies evaluated in 1988. There also were significant difficulties in ide~rifying gradients in exposure-response relationships. The Working Group's summary evaluation of the epidemiological evidence was that "there is limited evidence for the carcinogenicity in humans of diesel engine exhaust." The same Group concluded that -"there is inadequate evidence for the carcinogeniciry in humans of gasoline engine exhaust"
The 1988 review of experimental animal data focused on five well-conducted studies in which two different strains of rats were exposed chronically to low dilutions (high exhaust concentrations) of whole diesel exhaust. Four of the studies involved exhaust from light-duty diesel engines and one involved exhaust from a heavyduty diesel engine. Three of the studies with light-duty diesel engine exhaust and the study with heavy-duty diesel engine e~chaust showed a tumorigenic effect in the rats. Based on the terminology described earlier in this paper, those studies would now be considered as having been conducted with TDE. In contrast, the diesel exhaust exposure studies conducted with other species (mice and Syrian Hamsters), frequently conducted in parallel with the rat studies did not show a tumorigenic effect. Two studies were reported in which rats were exposed to filtered diesel exhaust which removed the particles. Neither study reported a tumorgenic response.
Two of the laboratories, the Fraunhofer Institute in Hanover, Germany and the Battelle Memorial Institute in Geneva, Switzerland, conducted studies with animals exposed to low dilutions (high concentrations) of whole gasoline engine exhaust in parallel with the diesel exhaust exposure studies. Published results from only one of these studies were available at the time of the [ARC review. It is noteworthy that information is now available from chronic inhalation studies with rats exposed to whole-gasoline engine exhaust from engines without catalytic treatment of exhaust (TGE) and from engines with catalytic treatment of exhaust (MGE) (Brightwell et al., 7989; Heinrich et a1.,1986) . The exposure to gasoline engine exhaust, either without or with catalytic treatment, did not produce a tumori;enic response.
It is useful to consider the complete evaluation offered by the working group (Table 6) (IARC, 1989) . The finding of "inadequate evidence for carcinogenicity in experimental animals of gas phase diesel engine e~chaust (particles removed)" is especially noteworthy since, as will be described later, NTDE is essentially free of In addition to the evaluations for diesel engine e3chaust and gasoline engine exhaust,lARC provided the following evaluations:. There is inadequate evidence for the carcinogenicity in experimental animals of gas-phase diesel engine exhaust (with particles removed).. There is sufficient evidence for the carcinogenicity in e~cperimental animals of extracts of diesel engine exhaust particles.. There is sufficient evidence for the carcinogenicity in exp~imeRtaFanimals of cpndensates~extracts of gasoline ewe... exhaust.
particles. Indeed, the exhaust after-treatment systems with catalyst and particulate traps results in NTDE that is quite similar in composition and concentration to the exhaust from 3-way catalyst equipped gasoline engines (MGE). Recall that the IARC Panel concluded -"There is inadequate evidence for the carcinogenicity in experimental animals of whole gasoline engine exhaust"
The overall evaluations of the working group in 1988 were "Diesel engine exhaust is probably carcinogenic to humans (Group 2A)" and "Gasoline engine exhaust is possibly carcinogenic to humans (Group 2B)." Based on the definitions provided earlier in this paper, we view the diesel exhaust reviewed as TDE and the gasoline exhaust reviewed as TGE and MGE. It is apparent that the overall evaluation for diesel engine exhaust was heavily influenced by the epidemiological findings (limited evidence) and the findings in the experimental studies with rats (sufficient evidence). The monograph made note of the changes in the lungs of rats exposed to the highest concentrations of diesel exhaust including altered clearance when exposures were above about 300 mg-hr per week. However, it was not until after the 1988 Review that it was generally recognized that prolonged exposure of rats to high concentrations of several kinds of poorly soluble particles (not just diesel soot particles) impaired clearance mechanisms, produced lung burdens of particles in excess of that projected from lower level exposures, produced chronic pathology and, most significantly, resulted in an excess of lung tumors . We will return to the issue of lung overload and occurrence of lung tumors in rats exposed for long periods of time to high concentrations of TDE in a later section when we discuss the [ARC 2012 review.
Carcinogenic hazard evaluations of specific chemicals versus complex mixtures from changing technology
The vast majority of fARC evaluations (IARC, 2012a,b), excluding biological agents, can be placed in two categories; (a) specific chemicals, or (V) exposures to emissions of a specific technology. The two kinds of evaluations have some significant differences. A chemical, such as benzene or formaldehyde, is the same chemical today as it was a decade or a century ago. The uses of the chemical may change over time but its basic chemical properties do not dlan~e. However, knowledge of the carcinogenic hazard may change over time as a result of additional research and advances in scientific knowledge. Knowledge of human exposure may also change as a result of new measurements and changes in work place practices including control of exposure to the specific agent. Indeed, work place practices were likely influenced by the previous IARC classificarion of the carcinogenic hazard of the specific chemical.
The situation for a complex agent such as diesel engine exhaust, gasoline engine exhaust, or man-made products such as glass wool fibers is different than that of a specific chemical. The physical properties of these complex agents may be purposefully changed over time with technological advances, including advancements made to reduce the hazardous propeRies of the agent As discussed later, the concentrations of particulate matter in TDE have been steadily reduced over the last half century as diesel engine technology and fuels improved. However, those evolutionary reductions and changes in TDE pale by comparison with the recent revolutionary reductions in concentrations and changes in the composition of NTDE compared to TDE. For purposes of carcinogenic hazard evaluation, it is clear that TDE and NTDE are not equivalent: they need to be separately evaluated, a point to be amplified on later.
The importance of separate evaluations and classifications for TDE and NTDE extends to the impact of those evaluations on future use of diesel technology. The detailed evaluation and potential reclassification of TDE is beyond the scope of this review. However, it can be noted that the previous classification, Group 2A (probable human carcinogen), for diesel exhaust could be reaffirmed or changed based on the current scientific evidence. Irrespective of the specific carcinogenic hazard classification, a classification of Traditional Diesel Exhaust in Group 1, 2A or 2B will serve as a continuing stimulus to limit TDE particulate emissions and reduce ambient concentrations of PM. On the other hand, if NTDE were to be considered as equivalent to TDE, a decision that we think would be inappropriate, such an approach could undermine the incentive for shifting from TDE to NTDE, all to the detriment of many decades of effort to improve diesel engine technologies, fuels, air quality, and ultimately public health.
The [ARC has previously faced a similar situation in evaluating the carcinogenic hazard of agents impacted by technological change. An example was the [ARC review of man-made vitreous fillers (IARC, 2002) . This was a re-evaluation of man-made mineral fibers that had occurred earlier (IARC, 1988) . Between the initial review and the second review, the man-made viu-eous fiber industry had conducted extensive research to better understand the determinants of fiber induced respiratory tract tumors in rats as a basis for understanding the.potential human carcinogenic hazards of various man-made fibers (Hesterberg et al., 2012a) . A key finding from that research program was that man-made fibers, which were durable and poorly soluble, had a high potential for causing lung tumors in rats with chronic inhalation exposure. In contrast, chronic inhalation exposure of biosoluble man-made fibers, even at high concentrations, did not result in an increased incidence of lung tumors. Building on this critical scientific Ending, the glass filler manufacturers made major changes in the production process for glass wool fibers shifting to production of biosoluble glass fibers, except for certain highly specialized product lines which required very durable fibers.
The IARC (2002) monograph acknowledged the changes in synthetic vitreous fibers and concluded that insulation glass wool continuous glass filaments, rock (stone) wool, and slag were "not classifiable as to their carcinogenicity to humans (Group 3)." The traditional special purpose fibers and Refractory Ceramic Fibers that were biopersistent in the respiratory tract when inhaled were retained in Group 2B. As reviewed in Hesterberg et al. (2012a) , the IARC decisions influenced the European Communities approach to handling synthetic vitreous fibers (EU, 1997; Bernstein, 2007) , the National Toxicology Program's modification of its listing for glass wool in the 12th report on carcinogens (NTP, 2011a) and the California Environmental Protection Agency modification of its listing of glass wool fibers (OEHHA, 2011) . It is readily apparent that IARC's cancer hazard classifications have impact on subsequent actions by other agencies.
Advanced collaborative emissions study
As new diesel technology began to be developed by individual companies in response to increasingly stringent emission-control regulations, it became apparent that broad acceptance of the new technology would be enhanced by a complementary collaborative effort that focused on characterization of engine emissions and potential health impacts. Ultimately, with strong support from industry, what has become known as the advanced collaborative emissions study (ACES) program emerged. ACES is a cooperative, multi-party effort managed in a coordinated manner by two well-respected non-profit science-based organizations, the Health Effects Institute (HEI) and the Coordinating Research Council (CRC). The overall effort has been guided by an ACES Steering Committee, which is advisory to HEI and CRC. It includes representatives of the US EPA, US Department of Energy (DOE), California Air Resources Board, American Petroleum Institute, National Resources Defense Council, National Institutes of Occupational Safety and Health, Engine Manufacturers, Emission Control Manufacturers, the Petroleum Industry and others. Most importantly, the ACES effort has been guided by an independent Oversight Committee comprised primarily of academic scientists. This independent Oversight Committee had a central role in the design of the ACES study. It is important to note that a different HE! committee will be involved in reviewing and commenting on reports prepared by the ACES research program investigators.
The HEI is a non-profit entity chartered in 1980 as an independent research organization to provide high-quality, impartial, and relevant science on the Health effects of air pollution (HE[, 2012a ). Indeed, the creation of HE[ traces to uncertainties in the late 1970s over the potential health effects of vehicle emissions, including diesel engine emissions. The HEI typically receives half of its core funds from the US Environmental Protection Agency and half from the world-wide motor vehicle industry. Other public and private or;anizations periodically support special HEI acrivities such as the ACES program. HEI does not have its own research facilities, but provides financial support to scientists in universities and research. organizations.to conduct research.oriented to achieving HEI's research objectives.
The CRC is a non-profit organization that directs and manages studies on the interaction between automotive other mobility equipment and petroleum products (CRC, 2012) . It traces its origins to a Committee of the Society of Automotive Engineers and became an independent organization in 7942. It does not have any research facilities; instead it sponsors research at universities and other research organizarions to achieve its scientific objectives. Both the HEI and CRC have achieved world-wide recognition for sponsoring research on important air quality issues and for the rigorous review and subsequent publication of that research in the peer reviewed, open scientific literature.
The organization, management and funding of ACES are described in the Preface to one of the initial HEI reports on the program . That document summarizes the three phases of the ACES program as follows:
. "Phase 1: Extensive emissions characterization of four production-ready heavy-duty diesel (HHDD, i.e. gross vehicle weight larger than 33,000 lbs) engines and control systems designed to meet the 2007 standards for reduced PM. This phase was conducted at Southwest Research Institute (SwR1) in 2007 and 2008 and was the basis for selecting one HHDD engine~aftertreatment system for health testing in Phase 3. . Phase 2: F~ctensive emissions characterization of agroup of production-intent engine and control systems meeting the 2010 standards (including more advanced NO controls to meet the more stringent 2010 NOX standards). This phase is to be conducted at SwRI during 2011 and 2012. . Phase 3: Health effects assessment in rodents using one selected 2007 compliant engine system. This phase started in 2008 with the installarion of aspecially-designed emissions generation and animal exposure facility at the Lovelace Respiratory Research Institute (LRRI) and is being conducted in two Phases. Phase 3A included setting up the engine, characterizing the engine performance and emissions to make sure it was operating as intended, and generating and characterizing the exposure atmospheres in the animal inhalation chambers at three dilurion levels. Phase 3B includes a 90-day inhalation study in mice and a chronic inhalation study in rats with health measurements at several time periods"
In this paper, we repeatedly refer to results from the ACES Phase I engine emissions characterization effort. Thus, it is appropriate to briefly describe that activity. A research team, under the leadership of lmad Khalek at the Southwest Research [nsritute (SwRI) was selected to carry out the Phase 1 engine emission characterization activities under contrail to CRC. A description of the characterization effort is found in Khalek et al. (2011) with additional details contained in Khalek et al. (2009) , the extensive report on the ACES Phase 1 effort issued by the CRC.
Four different engine manufacturers provided 2007 model year production engines for the characterization studies conducted at SwRI. All four engines were from product lines developed to meet the USEPA's stringent 2007 emissions standards; particulate matter, 0.01 g~Uhp-hr; and nitro;en-oxides, 1.20 ~~bhp-hr. The nitrogen oxides emissions standard was reduced to 0.20 g/Uhp-hr for the 2010 model year. The specific engines tested were a Caterpillar C13 (430 hp), a Cmnmins ISX (455 hp), a Detroit Diesel Corporation Series GO (455 hp) and a Mack MP7 (395 hp) manufactured by Voivo. ft was anticipated that at the end of [he Phase 1 characterization effort at SwRI one of the engines would be identified for transfer to the animal toxicology IaUocatory to produce the exhaust emissions used in the Phase 3 health studies. Further, it was decided that it would be desirable to conduct characterization studies on the emissions from a companion engine so that two nearly identical engines would be available for the health studies.
From the outset, it was agreed that the Phase 3B health studies would involve exposures to diluted exhaust of 1G h~day, 5 days week for up to 30 months. This was done to maximize the exposure of the animals and, thus, maximize the potential for observing adverse effects. As a result, the ACES Phase 3B rat study will be longer than the two-year duration of typical NTP studies (NTP, 2011a) . Tlie use of the 30-month duration protocol was used in the early studies of TDE reported by Mauderly et al. (1989) . Further, it was understood that it would be important to have the engine operating under a rigorous variable load duty cycle. This led to a decision to create a l6-h engine test cycle that would also be used in the diaracterization studies at SwRI. This allowed fora direct link between the Phase 1 characterization effort and the use of the engines and the same test cycle at the animal toxicology facility that would conduct the health studies. The details of that test cycle and its development are described in Clark et al. (2007) .
The 16-h cycle includes four 4-h segments consisting of Federal Test Procedure (FTP) segments mixed with segments of the CARB 5-Modes driving cycles. It was designed to be representative of modern truck usage and included a broad range of engine loads and speeds reflecting both urban and rural (highway) driving. The 16-h cycle also added useful information on emissions during particle filter regeneration, which may not occur during shorter test cycles. Regeneration typically occurs once or twice during each integrated 16-h cycle. The Phase ]engine exhaust characterization research was conducted with engines using ultra-low sulfur fuel meeting fuel standards for 2007 and beyond. Specifically, it con- The HEI selected the Lovelace Respiratory Research Institute (LRRI) to conduct the core investigations of the potential health effects of NTDE. The LRRI research team has been actively involved in studying diesel engine emissions and other air quality issues since the late 1970s (McClellan et al., 1982 (McClellan et al., , 1986 McClellan, 7987) . The Institute's research included conduct of one of the earliest chronic inhalation bioassays in rats ) and a concurrent study in mice reported later (Mauderly et al., 1996) . The rats and mice were exposed to diluted whole exhaust produced by a 5.7 L light-duty diesel engine manufactured Uy General Motors and operating on a fixed bed dynamometer utilizing a variable load cycle. We view the diesel exhaust studied by Mauderly and 237 colleagues in the early 1980s as TDE. Key parameters of those early studies are shown in Table 7 .
The development of modified engine exposure facilities to accommodate aheavy-duty engine and the core ACES chronic toxicity study at LRRI was initiated under the leadership of J.L. Mauderly and, after his retirement, continued under the leadership of J.D. McDonald. The core studies are chronic inhalation exposure bioassays in rats and mice exposed to three dilutions of whole diesel exhaust from an engine operating on a dynamic 1 G-h load cycle and fueled by ULSD fuel to simulate real world conditions. The study has the objective of testing the ACES program core (null) hypothesis -"Ettiissio~u from combined new heavy-duty diesel engines, after-treatment, lubrication and fuel technologies designed to meet the 2007 NOX mid PM emission standards will have very low pollutmitlevels and will not cause aii increase in tun~orfonnation or substantiat toxic health effects in rats and mice at the highest concentration of exhaust that can be used (based on temperature and NOZ or CO levels) compared to animals exposed to "clean air,.' although some biological effects may occur."
The ACES Phase 3A effort carried out at Lovelace included preparation of the facilities for operation of one of the heavy-duty onroad diesel engines compliant with the 2007 USEPA emission standards . In addition, the diluted emissions delivered to the animal exposure chambers were characterized without animals in the chambers to provide a linkage to the extensive engine emissions characterization done at SWRf under ACES Phase 1 (Khalek et al., 2009 (Khalek et al., , 2011 . The emissions characterization carried out at LRRI provided a basis for determining the plausible upper bound of exposure concentrations for critical constituents for the animal exposures and, thus, the desired dilution of whole exhaust. 7'he ACES Oversight Committee had determined that the [VOz concentration needed to be limited to a Maximum Tolerated Dose (MTD) of NOz based on an earlier HE(-sponsored chronic inhalation exposure study of NOz alone reported by Mauderly et al. (1989 Mauderly et al. ( , 1990 . The MTD is the highest daily dose (or more correctly, exposure concentration and duration) that does not cause overt toxicity (McConnell, 1996) . The use of an MTD in a chronic study such as ACES provides a maximum likelihood of detecting an excess of late-occurring effects, such as cancer, in the animals exposed to the test agent compared to the occurrence in sham-exposed control animals.
The earlier study of NOZ by Mauderly et al. (1989 Mauderly et al. ( , 1990 ) involved exposure of male F344~Cr1 rats to 9.5 ppm NOZ for 7 hd ay, 5 days week for up to 2 years (see Table 7 ). This equates to 66.5 ppm-hr~day of exposure. They made extensive measurements of multiple indicators of biological changes after 12, 18 and 24 months of exposure. [<ey histopathological findings were "mild hyperplasia of epithelium in terminal bronchioles and an extension Table 7 Comparison of key parameters for chronic inhalation studies in rats exposed to Traditional Diesel Exhaust ), nitrogen dioxide {Mauderly et al., 1989 , 1990 , carbon black (Nikula et al., 7995) and New Technology Diesel Exhaust (Mauderly, 2010; McDonald et al., 2012) .
Parameter
Chronic exposure study To be decennined of bronchiolar epithelial cell types into proximal alveoli, giving the appearance of "respiratory bronchioles." Terminal bronchiolar walls were slightly thickened and eosinophilic A slight inflammatory infiltrate of mixed cell type was occasionally found in alveoli adjacent to thickened bronchioles. The lesions progressed little with time, with the exception of a slight progression of the epithelialization of proacimal bronchioles. The inflammatory response remained minimal" (Mauderly et al., 1990) .
The pulmonary lesions noted in the IYOZ exposed rats are the hallmark lesions associated with reactive oxidant gases including Ozone (03) (Plopper et al., 1978 (Plopper et al., . 1979 . As reviewed by Evans (1984) , the ability of these oxidant gases to affect the cells of the lung is influenced by their concentration, aerodynamics, solubility, reactivity, dilutions and the species as the air passes through the nasal passages, oropharynx and the large airways and ultimately, reaches the terminal or respiratory bronchioles. The substantial literature on 03 has Ueen critically reviewed by the US Environmental Protection Agency in the criteria documents (EPA,1996 (EPA, , 2006 prepared as part of the National Ambient Air Quality Standard setting process.
The National Toxicology Program (NTP) and Health Effects [nstitute (HEI) have sponsored studies in which F344~N! rats and B6C3Ft mice, of both genders, were exposed to ozone starting at 6 weeks of age for up to 125 weeks (rats) and 130 weeks (mice). The exposure concentrations were 0.72, 0.5 and 7.O ppm 03 for 6 h/day, 5 days~week. The highest concentration was viewed as being the highest concentration that could be tolerated with prolonged exposure. The details of the studies are documented in reports by the NTP (1994) and HEl (Boorman et al., 1995; Harkema and Mauderly,1994; Catalano et a1.,1995) . These reports and additional more detailed reports are available on the HEI website. The survival of both rats and mice were generally similar for all groups and there was no increase in neoplasms in either rats or mice associated with 03 exposure. The most pronounced histological changes, hyperplasia and metaplasia, were observed in the nasal tissue of both species. Alveolar epithelial metaplasia and interstial fibrosis of the lung was also observed at the two highest 03 concentrations. These pulmonary lesions are the hallmark oxidant gas-induced changes described by Plopper et al. (1978 Plopper et al. ( , 1979 and Evans (1984) . Nasal and pulmonary effects were not observed at the 0.12 ppm level. Mauderly (2010) provides an overview of the ACES program, including the inhalation exposure studies in laboratory animal studies. A detailed HEI report of the ACES Phase 3A is available (Mauderly and McDonald, 20] 2). The ACES Phase 3B animal health studies have already been initiated at LRR[. Those studies were briefly described by Mauderly (2010) and are described in detail in the recent HEI report (HEI, 2012b; McDonald et al., 2012) . Preliminary observations on mice and rats exposed for 4 and 13 weeks were reported by McDonald (2012) At this juncture, it is useful to briefly recount the exposure conditions in the earlier study of TDE conducted by Mauderly et al. (1987} in which F344 rats exposed to a high,conceptration of diesel exhaust far up to 30 months had an increased prevalence of lung tumors (see Table 7 ). The exhaust for that study was from a ]980 Model 5.7 L General Motors engine operated on a dynamometer with a variable load repeating the US Federal Test Procedure urban certification cycle. The fuel contained 30% aromatics and 0.3% sulfur. The exhaust particles had a mass median aerodynamic diameter of about 0.25 µm and about 12% was solvent extractable organic compounds. The exhaust for the lowest dilution level (highest concentration of exhaust constituents) was diluted 10:1. At the lowest dilution and, thus, the highest exposure level, the exposure atmosphere contained: particulate mass, 7080 µg/m3; carbon monoxide. 30 ppm; nitric oxide, 10 ppm; nitrogen dioxide, 0.7 ppm; hydrocarbon vapor, 13 ppm; and carbon dioxide, 0.7%. Two higher dilutions of 20:1 and 200:1 (and, thus, lower concentrations ofexhaust constituents) were also studied with particulate mass concentrations of about 3500 and 350 µg~m3.
As noted earlier, the lowest dilution ratio, and, thus, the highest exhaust constituent concentration for the ACES Phase 3B studies with NTDE, was selected to achieve what was thought to be the highest level that could be used without having eaccessive adverse effects solely from the level exposure to NO2, a prominent constituent in the whole diesel exhaust (see Table 7 ). The HEI report by Mauderly and McDonald (2012) contains detailed results on the characterization of the exposure chamber atmosphere in ACES (see Tables 22, 23 and 24 of that report). Suffice it to note here that the targeted concentrations of NOz were achieved and the expected concentrations of other key constituents were observed. Specifically, from McDonald et al. (2012) for the high, medium and low exposure levels the results for the rat chambers were as follows: chamber inlet PM (by gravimetric measurement) -13, 4 and 2µg/m3; NO -5.1, 1.5, and 0.15 ppm; NOZ -3.6, 0.95 and 0.11 ppm; and NOx -8.6, 2.4 and 0.26 ppm. At the lowest dilution and, thus, highest exposure level, the other key emission constituents present included: carbon monoxide, 10.5 ppm; non-methane hydrocarbons, 03 ppm, and SOZ, 20.6 ppb. One to two regeneration events occurred during each I6-h cycle indicating the engine was operating as would be expected if it were on an on-road tractor.
As part of the Phase 38 effort with NTDE, a large scale study was conducted with strain C57BL~6 mice with exposure durations of either 1 or 3 months. Each exposure group and the control group included 132 mice with equal numbers of each gender. The three month exposures of the mice were carried out in February to June 2010. The observations included hematology, serum chemistry, bronchioalveolar lavage, complete necropsies, lung epithelial cell proliferation and detailed histopathology. These observations will provide a complete characterization of any potential exposure-related biological effects. Results of that study were summarized by McDonald (2012) and Doy(e-Eisele et al. (2012) and will be reported in detail in McDonald et al. (2012) .
The core of the ACES Phase 3B effort with NTDE is a large scale study conducted with Wistar rats (strain HsdRecHan:Wist) to test the ACES core hypothesis concerning potential carcinogen effects of exposure to NTDE. As explained in the desa-iption of the ACES Phase 3B effort , this strain of rat was purposefullyselected as an alternative to the F344 rats used in the earlier Lovelace studies. At the time the Phase 3B rat studies were being planned, the NaEional Toxicology Program (NTP) was in the process of evaluating a change from NTP's traditional use of the F344 strain to some other strain (King-Herbert and Thayer, 2006; King-Herberg et al., 2010) . That evaluation was prompted by several factors including reductions in litter size that occurred over several decades in the NTP's breeding colony of F344 rats. In addition, other factors such as the high background incidence of mononuclear cell leukemia in rats of the F344 strain complicated the interpretation of test agent induced eft'ects. Ultimately, the independent ACES Oversight Committee recommended the use of the Wistar rat (strain HsdRECHan:Wist), astrain widely used in assaying for carcinogenic effects. Details concerning this decision are included in the Preface to the HEl (2012b) report and the HEI Review Committee's Commentary accompanying the report of McDonald et al. (2012) .
The rat exposures were started in May 2010. Each of the 3 exposure level groups and control group includes 280 rats (equal num-Uer of each gender). Twenty rats are to be sacrificed at 1, 3, ]2 and 24 months of exposure for observations such as those described for mice. In addition, pulmonary function evaluations are being performed. Results of observations on mice and rats at 4 and ] 3 weeks were reported by McDonald (2012) and Doyle-Eisele et al. (2012) . Results of observations in the rat study through 12 months of exposure will be reported in detail in McDonald et al. (2012) . McDonald (2012) gave an overview of the results of the ACES animal inhalation studies to the California Air Resources Board in early 2012. The key observations reported were as follows. The majority of the analyses showed no difference between diesel exhaustexposure and clean air controls. Mild minimal exposure concentration-related hyperplasia was observed in diesel exhaust exposed rats after 3 months of exposure, but not in mice. This hyperplasia increased at 12 months, but was still considered of mild minimal severity. Statistically significant findings were noted for several indicators of pulmonary stress and inflammation in rats and mice, although fewer changes were noted in mice. Pulmonary function assessments in rats showed slight differences in NTDE exposed rats compared with clean air exposed controls. It is important to note that 200 rats from each group will be available for long-term observations of lung tumors and other disease endpointswith exposures continuing for at least 24 months. A decision will be made no later than at 23 months of exposure as to the merits of continuing the exposures for 30 months. This would be similar to the approach used by Mauderly et al. (1987) in studying TDE. This contrasts with the practice of others, such as the National Toxicology Program, that conducts long-term bioassays that are typically 24 months in duration and usually have much smaller group size (NTP, 2011b) .
In addition to the core studies in mice and rats at LRRI, with extensive observations by LRRI scientists, the HE[ has provided funding to four other research teams to conduct complementary evaluations of specimens provided by LRRI to each team. These studies include evaluating blood from exposed animals for micronudeus formation (Jeffrey Bennis, Litton Laboratories, Rochester, NY), examining tissues for evidence of vascular inflammation and fibrosis (Daniel Conklin, University of Louisville, Louisville, KY), evaluation of genotoxiciry (lance Hallberg, University of Texas-Galveston, Galveston, 77C) and evaluation of cardiovascular function (Qinghua Sun, The Ohio State University, Columbus, OH). An HEf (2012b) report on the results of the ACES animal studies with exposures of up to 12 months duration has been prepared by the investigators under the direction of HEI, been peer-reviewed by a special HEI Review Committee and is available on the HEI website. In considering the findin;s through 1 year of exposure for the ACES Phase 3B rat study, it is important to recall that Mauderly et al. (1989 Mauderly et al. ( , 1990 found modes[ respiratory tract pathology in rats chronically exposed to 9.5 ppm NOS . for 7 hJday (see Table 7 ). Tllis equates to GG.S ppm-hr NO, exposureJday, and as noted earlier, was viewed as a Maximwn Tolerated Dose (MTDj for along-term study cancer bioassay, suds as ACES. The highest exposure concen-239 tration in the ACES study is 4.0 ppm NOz which with 16-h of exposure per day equates to 64 ppm-hr of exposure day, only slightly lower than the 66.5 ppm-hr~day studied by Mauderly et al. (1989 Mauderly et al. ( . 1990 ). In using the daily exposure metric (concentrationtime) to set the MTD, it was assumed that the factor of about two difference in exposure rate, expressed as ppm concentration, would not have a major inFluence on the effectiveness of the NOz producing effects. Thus, it was anticipated that the rats at the highest exposure level in the ACES study would have NOz-induced respiratory tract effects, i.e. the hallmark oxidant gas-induced lesions described by Plopper et al. (1978 Plopper et al. ( , 1979 and Evans (1984) and similar to those observed by Mauderly et al. (1989 Mauderly et al. ( , 1990 in their study of NOZ alone. Indeed, such effects have been reported by McDonald (2012), 2) and McDonald et al. (2012) . It is important that these respiratory tract effects not be inappropriately interpreted as being related to the trace levels of particulate matter in the NTDE. The HEI Review Panel (HEI, 2012a,b) agreed with the investigator's suggestion that the histologic changes in the lungs in the current study are consistent with responses to NOz. However, the effects of other gaseous components of DE cannot be ruled out. Bemis et al. (2012) used blood samples from the animals exposed at Lovelace to investigate micronucleus formation in reticulocytes as a measure of genetic damage. No exposure related effects were observed in rats or mice exposed for 1 or 3 months. Hallberg et al. (2012) used the comet assay and the ELISA Assay for 8-hydroxy-deo~ryguanosine adducts (8-OHdG) in lung tissue from rats and mice exposed for 1 or 3 months to evaluate potential genetic damage. Neither assay revealed exposure-level related effects. Inaddition, they used a thiobarbituric acid reactive substance (TBARS) assay to assess oxidative stress and damage in the form of lipid peroxidation in the hippocampus regions of the Drains of IVTDE-exposed rats and mice. No NTDE-exposure related effects were oUserved. The HEI review committee (HEI, 2012a,b) agreed that no genotoxic effects were associated with exposures of up to 3 months duration.
Quantitative and qualitative differences in NTDE compared to TDE
In the following sections, qualitative and quantitative differences in the physical and chemical characteristics of NTDE and TDE are reviewed. For each parameter, the situation with regard to TDE is described as it existed at the time of the earlier fARC (1989) review giving special attention to particular parameters mentioned in the monograph. Some parameters reviewed below were not discussed in the IARC Monograph, but have been raised Uy others after the 1988 review as being important to the potential association of TDE with health effects. The discussion of TDE is then followed by presentation of detailed findings on NTDE.
Traditional Diese! Exhaust particulate matter
In the earlier monograph (IARC, 1989), TDE was characterized as having a significantly higher concentration of particulate matter than that from gasoline-fueled vehicles, and that, in general, heavy-duty diesel a-ucks emitted up to 40 times more particulate tl~aii catalyst-equipped gasoline-fueled vehicles. IARC estimated that the composition of the particles was approximately SO% elemental carbon.
In a later analysis, the California Air Resources Board (GARB, 1998a-d) estimated that some light-duty diesel engines could emit 50-80 times, and some heavy-duty diesel engines 100-200 times more particulate mass than typical 3-way catalyst-equipped EPA limit was based on total hydrocarbon including methane. e EPA limit went to 2.4 g~hp-hr in 2004.
Average value between 2007 and 2009, with full enforcement in 2010 at 0.20 g'hp-hr. Value is calculated based on Avg. THC value of 0.034 g~hp-hr using the ACES Phase 7 data. e NMHC is reported as the difference between measured THC and methane. gasoline engines. CARB similarly estimated that the amount of elemental carbon (EC), in the average diesel particle, typically ranged up to 71%. CARB indicated that TDE particles were comprised (by weight) of carbon (883%), oxygen (4.9%), hydrogen (2.6%), sulfur (2.5%), metals (1.2%), and nitrogen (0.5%). The fundamental premise was that the particles contained in TDE were mainly aggregates of spherical elemental carbon particles coated with organic and inorganic substances. It was also assumed that the inorganic fraction consisted of small solid carbon particles, ranging from 0.01 to 0.08 µm in size, along with sulfur, o~cygen, hydro carbons, sulfate (SO4), CO and NOx.
~.. .. The Diesel Health Assessment Document (HAD), prepared by the US EPA (2002), reached conclusions similar to those of IARC and CARB regarding the characterisrics and composition of 7'DE. More specifically, the document noted that TDE particles are "primary spherical particles consisting of solid carbonaceous (EC) material and ash (trace metals and other elements);' absorbed onto which "are added organic and sulfur compounds (sulfate) combined with other condensed material" (Recall Fig. 1 ). EPA concludedthat the diesel exhaust particles were typically composed of 75% EC (ranging up to 90%), 20% OC (ranging down to 7%), and small amounts of sulfate, nitrate, trace elements, water, and unidentified compounds.
The earlier monograph (IARC, 1989) included a table that summarized emission data on various diesel and gasoline engines (7980-1985 era) operated on the Federal Test Procedure cycle. The total particulate phase emissions for aheavy-duty diesel vehicle, a light-duty diesel vehicle, a gasoline vehicle without catalytic converter and a gasoline vehicle with catalytic converter were 1036, 246, 62 and it mg/km, respectively. The diesel engines of that era operating on high sulfur content fuel can be viewed as producing TDE. The gasoline vehicle operated without a catalytic converter can be viewed as producing TGE and the gasoline vehicle operated with a catalytic converter can be viewed as producing MGE. However, it should be emphasized that gasoline engine and fuel technology ca~tinued to evolve post-1980s (Colucci, 2004) .
In the secrions that follow on the characterization of NTDE, comparisons are made to TDE when data are available. In addition, to provide added perspective some comparisons are made to emissions from modern gasoline and compressed natural gas (CNG) vehicles. The comparisons to gasoline-fueled vehicles are relevant to the forthcoming IARC review which will evaluate both gasoline engine exhaust and diesel engine exhaust as to their human carcinogenic hazard classification.
NTDE emissio~~s are lower than TDE
The results of the detailed ACES characterization study of four engines (compliant with the 2007-EPA emission standards) by Khalek et aL (2011) show that the PM emissions as well as the other three regulated emissions (CO, NMHC, and NOx.) were well below the applicable 2007 standards and remarkably lower than the 1998 standard (Table 8 ) (Khalek et al., 20] ] ). Indeed, the PM emissions were an 86% reduction relative to the 2007 standard and a 99% reduction relative to the 1998 standard (Recall Fig. 2) . It is clear that the PM emission levels from new technology heavy-duty diesel engines have been reduced to near-zero levels not unlike those from modern gasoline-fueled, 3-way catalyst equipped (MGE) passenger cars. Indeed, in most cases, the PM emission rates for NTDE are well below 0.01 g/mi. (which is equivalent to the PM emission rate for low-emission gasoline-fueled passenger cars) and are similar to the proposed California Air Resources Board Low Emission Vehicle (LEV) lII PM standard of .003 g/mi for 2017 and later model year passenger cars (Herner et al., 2009; I~alek et al., 2011) (Fig. 5 ).
As reviewed in Hesterberg et al. (2011) , multiple recent studies of the emissions (g/mile) from heavy-duty transit buses operated with Diesel Particulate Filters have shown that NTDE particulate mass emissions are not "significantly higher" than observed for other technologies, but instead are similar to the PM emission levels from low-emission CNG-fueled (Ayala et al., 2002; Ayala et al., 2003; Gautam et al., 2005; Lanni et al., 2003; LeTavec et al., 2002; McCormick et a1.,1999; Northeast, 2000; Norton et a1.,1999; Wang et al., ] 997) ( Fig. 6 ). While TDE transit bus PM emissions were 0.75 g~mile, the levels for NTDE, are less than 5% of that for TDE. This result holds whether testing is done on the Central Business District cycle, or on other emission test cycles.
A similar result also applies if NTDE PM emission levels are compared to gasoline-fueled vehicles as reviewed in Hesterberg et al. (2011) . To make a comparison with gasoline fueled vehicles, data from passenger cars are used since current transit buses are not fueled with gasoline. As shown in Fies. 7 and 8), particulate mass emissions (g~mile) for NTDE are quite similar to modern gasoline (and CNG-fueled) vehicles (Ahlvik, 2002; Rijkeboer et al., 1994) . The passenger car with TDE PM emissions was found to emit 0.13 gJmile, while the levels are substantially lower for NTDE, CNG and modern gasoline vehicles (0.0019, 0.0787, and 0.090 gm ile, respectively). From a statistical standpoint, the NTDE, CIVG, and modern gasoline passenger vehicles are significantly different from the TDE vehicles, while the NTDE passenger cars are not significantly different from the modern gasoline or CIVG vehicles (Eig. 9). In summary, data developed since 1989 clearly show that the particulate mass emissions rates from NTDE are substantially lower than those for TDE, and are statistically indistinguishable from the near-zero PM emission levels seen from modern low-emission gasoline-fueled 3-way catalyst equipped vehicles and CNG-fueled vehicles. Thus, the primary emission constituent of concern (PM)the emission constituent that served as the focus of [ABC's 1989 evaluation of diesel engine exhaust -has been virtually eliminated and reduced in NTDE to the near-zero levels of modern gasolinefueled vehicles equipped with 3-way catalysts. 
NTDE particulate matter has different composition than TDE
Recall that the particulate matter in TDE was primarily elemental carbon (frequently on the order of 80%). In contrast, the nearzero amount of PM emitted from new-technology diesel engines evaluated in the ACES pro~iam contain only 13 elemental carUon (Khalek et al., 201 ] ). Thus, the soot or elemental carbon core frac-[ion of NTDE as shown in Fig. 1 is lamely In contrast with the PM contained in TDE that served as the basis for the earlier 1989 [ARC evaluation, the near-zero levels of PM found in NTDE are dominated by sulfate (53%) and organic carbon (30%)not a solid carbon core (Fig. 10) . The EC has been largely eliminated (Biswas et al., 2009; Kittelson et al., 2006b) . To provide added perspective, Fig. 7 0 also shows composition data fora modern gasoline-fueled vehicle equipped with a 3-way catalytic converter in the exhaust line (Ahlvik, 2002 Kittelson et al. (2006b) conducted a study in which they varied the sulfur content of the diesel fuel from 2 to 44 ppm. They found that the nitrate, volatile organics and carbon fractions were relatively constant for all the sulfur levels while the sulfate fraction increased monotonically with increasing fuel sulfur concentration (Fig. 11) . It is noteworthy that the elemental carbon fraction was extraordinarily low when the sulfur content of the fuel was 2 or 9 ppm, sulfur concentrations that would result in the fuel being compliant with EPA's 2007 diesel fuel standard. Grose et al. (2006) has shown that the nanoparticle emissions contained in NTDE are predominantly ammonium sulfates and sulfuric acid, which are fully water-soluble. Soluble sulfate particles, which will tend to undergo dissolution in the lungs, are of low toxicity (Grahame and Schlesinger, 2005; Reiss et al., 2007; Schlesinger and Cassee, 2003; Schlesinger, 2007 Fig. 11 . Measured particulate matter emissions (carbon, volatile organic compounds, sulfate and nitrate) conCinuously regenerating diesel particulate filter from a heae~~ duty diesel en;ine as a function of fuel sulfur content (Adapted from Fig. 3 in Kittelson et al., 2006b1. In addition, due to artifact formation during sampling procedures, and further considering real-world dilution ratios, the actual concentrations of organic carbon emissions from new-technology diesel engines are likely to bejust 10% of what is measured through laboratory sampling techniques (Robinson et al., 2007) .
In sum, compared against TDE, NTDE represents a 99.7% reduc-tioi~ in EC, a more than 93%reduction in OC, and a greater than 90~G reduction in PAHs (Liu et al., 2008a) . The content of any remaining nucleation mode particles in NTDE is dominated by sulfate, and, to a lesser extent, volatile organics, which disappear through evaporation (Biswas et al., 2008) . Accordingly, another assumption relating to TDE -that diesel PM is dominated by high levels of organic carbon compounds and a solid carUon core -is fundamentally inapplicable as it pertains to NTDE.
Another key premise in the earlier review ([ARC, 1989) relating to evaluating the health effects potentially attributable to TDE is that it contains "many PAHS" and "at least 10 times more nitroarenes than ;asoline engines." The monograph identified 60 agents in engine exhaust (not specified as to being found in diesel or gasoline engine exhaust or both) that had been evaluated by IARC. The CARB (7998a-d) identified over 40 components of TDE that had been listed as toxic air contaminants (TAC) or hazardous air pollutants (HAP) by US EPA and other agencies.
The spectated emission components of NTDE are, a;ain, fundamentally different fi-om what was assumed to be present in TDE. Khalek et al. (2011) found that the 40 TACs previously thought to be in TDE were reduced in NTDE by up to 99~ or are present in zero-equivalent amounts (including amounts at or below the detection limit), or both (Table 91 . These results -like all of the other results reported from the ACES Phase 1 pro~iam -are very significant since they were obtained with engines opeiatin~ on an exceedingly rigorous 1G-h test cycle (including urban, creep, transient and cruise mode conditions). The cycle was specifically designed to generate higher-end emission levels (Clark et al. 2007 ` as compared to emissions from engines operated over the 20-min FTP transient eil~ine-certification test cycle. Similarly, a comparison of a 2004 model year engine and a 2007 model year engine equipped with a catalyzed DPF after-treatment system and a crankcase ventilation coalescer has shown that NTDE contains dramatically reduced levels of many of the compounds that could be identified and quantified in the 2004 model year engine. That included compounds such as formaldehyde and acetaldehyde for which concentrations were dramatically reduced (Liu et al., 2009b) . Many of dle compounds were below the limits of detection (Table 10 ). The catalyzed exhaust after-treatment system and crani< case ventilation coalescer are typical of those used in commercial 2007 on-road heavy-duty units. As shown in Figs. 12-14when the emissions of the 2007 engine with contemporary emissioncontrols were compared to the emissions from [he 2004 engine, there was a marled reduction in polycydic aromatic hydrocarbons (PAHs), nitro-PAHs, and oxygenated-PAHs (Liu et al., 2010) .
Thus, NTDE simply does not contain the levels of specific elements that prompted regulatory analyses and concerns at the time of fARC's evaluation of TDE in 1989.
Semi-volatile organic fraction of ;VTDE is different than TDE
The earlier mono~i-aph ([ARC, 1989) also assumed that the sponge-like structure and large surface area of the elemental carbon particles made them an excellent carrier for organic compounds of low volatility, and that those compounds resided on the particulate surface (as a liquid) or were included inside the particle, or both. Other assumptions were that the majority of the soluble organic fraction (SOF) was adsorbed onto the surface of the EC core, that the SOF accounted for up to 45% of the total particulate mass, and that the sulfate fi•action of diesel exhaust PM could contribute up to 14~ of the diesel exhaust particle.
The ACES Phase 1 study (Khalek et al., 201 l) has demonstrated that the semi-volatile phase compounds contained in NTDE have Ueen reduced to extremely low levels, accounting for only 1.4% of the organic carbon fraction (Fig. 15 ). Of that negligible amount, alkanes (45%) and polar compounds (31 %) dominate. PAHs, hopanes and steranes are present in nea}--zero amounts, ra~~gin~ from just G-9°6 of the already-miniscule semi-volatile phase. NitroPAHs and oxyPAHs are present in even closer-to-zero amounts, a mere 1 % of the semi-volatile phase.
Significantly, when compared to TDE, NTDE has 99% reductions in a wide variety of PAH compounds, including Uoth semi-volatile low molecular weight three-to four-rinJ PAHs, as veil as medium to higher molecular weight PAHs, which are generally below the detection limit (Liu et aL, 2008a; Pakbin et al., 2009) . NTDE also has 9G-9~% reductions coiupared to TDE in other particulate Table 10 Organic species emissions comparison from a 2004 HD diesel engine (fuel sulfur content of 308.5 ppm) without after-treatment, and a 2007 HD diesel engine (fuel sulfur content of 9.2 ppm) equipped with a catalyzed DPF system (Liu et al., 2010 (12) <0.01 ± 0.795 0.279 ± 0.286 n-Tridecane (13) 2.25 ± 0.859 <0.01 ± 0.186 >99.6 ±46.4 n-Tetradecane (14) 10.4±2.64 <0.01 ±0203 >99.9±273 n-Pentadecane (15) 34.4 ± 5.52 <0.01 ± 0.00 >99.9 ± I6.0 it-Hexadecane (16) 84.6 ± 13.9 <0.01 ± 0.00 >99.9 ± 15.8 n-Heptadecane (17) 96.5 ± 10.7 <0.01 ± 0.193 >99.9 ± t 7 3 n-Octadecane (18) 68.8 ± 12.7 <0.01 ± 0.413 >99.9 ± 19.1 n-Nonadecane (19) 523 ± 10.0 <0.01 ± 1.02 >99.9 ± 21.1 n-Eicosane (20) 75.0 ± 7.46 <0.01 ± 0.931 >99.9 ± 11.2 n-Heneicosane (21) 68 . organic species, including n-all<anes, hopanes, and steranes, when compared to TDE (Pakbin et al., 2009) . Similar reductions of C1, C2, and C70-C33 particle-phase and semi-volatile organic compound species in IVTDE were noted Uy Liu et al. (2010) (Table 10) . All of these data confirm that the finding for the semi-volatile flaction of TDE do not hold for NTDE.
NTDEcontains lower amounts of u~lrewlated pollutants d~aii TDE
The earlier monograph ;IARC, ]989) assumed that TDE mi~h[ contain a significant amount of several unregulated pollutants of concern. The ACES Phase 1 study measurements for a number of classes of compounds of interest are shown in Table 11 (Khalek et al., 2071) . Even using conservztive estimates firom the various measurement tecluliques used in the ACES program, NTDE leas substantial reductions (71-99%) in the emissions of unregulated pollutants when compared against 2004-technology engines. Moreover, particle-Uound trace metals and elements also have been reduced very significantly (by an average of 98%) in NTDE (Khalek e[ al., 2017 ) . It is important to recall that earlier TDE engines (typical of 1960-1980) likely had muds higher emissions than the ca. 2000 engines with improved TDE profiles. Thus, the reductions compared to earlier engines and fuels would be even more profowid.
As detailed in Table 72 (Khalek et al., 2011) , NTDE contains substantially less RAHs than found in emissia~s from earlier model year enJii~e ted~nologies. As noted, PAHs with more than four rings (except Fluoranthene and pyrene) have been reduced below die detection limit, and nitroPAH compounds have been reduced by 99~. Thus, the exhaust emission compounds of potential concern for producing health effects have been reduced to near-zero le~~els in NTDE. It is also apparent that the NTDE after-n~eatmen[ systems (Khalek et al., 20111. are not resulting in the formation of other potential contaminants based on the extensive chemical characterization of NTDE performed to date. [f unique chemical species are present in NTDE, they are at extraordinarily low concentrations that ~ti~ould not pose a health hazard. The net result is that the amounts of both regulated and unregulated compounds contained in NTDE are very similar to those found in the emissions from advanced-technology compressed natural gas engines equipped with catalyzed mufflers (Hesterberg et al., 2008; . On the other hand, when compared against NTDE, CNG-fueled engines have been found to produce an order of magnitude more carbonyls (especially formaldehyde), and two orders of magnitude more ethylene and propylene emissions (Lanni et al., 2003) . In particular, when compared against dle exhaust from CNG-fueled engines, NTDE has significantly lower emissions of 1,3-butadiene (i.e. non-detect levels), benzene, toluene, and carbonyls (especially formaldehydej; similarly low emissions of PAHs; and significantly lover specific muta~enic activity, and muta~en emissions (Kado et al., 200; . [n summary, iT 15 out' opi~tioR that NTDE does RoT COnCdin SiaRificanr amounts of any unregulated or regulated pollutants tkrat might Ue of concern from a public health perspective. 9.6. NTDE particulate mass is fundamenta(Iy different than TDE pm~ticulate mass A core assumption regarding TDE in the earlier evaluation ([ARC, 1989) was that diesel exhaust contains a number of toxicologically relevant compounds such as benzene, toluene, xylene and PAHs, and that d~ese PAH compounds were primarily absorbed onto particles. Significantly, much of the information regarding the ~enotoxicity of TDE was obtained using diesel exhaust parcides or organic soh~ent exn•acts of diesel exhaust particles.
As detailed above, the nature and composition of diesel exhaust particles in NTDE have changed dramatically and fundamentally from the TDE ;emitted Iro~~~ 79i0s and 19~Os-era diesel engines) evaluated earlier by IARC (1989) . The EC core has been virtually eliminated from NTDE. Instead, the very low concentration nanoparticle emissions in IYTDE have asulfate-rich composition primarily associated with the nucleation of sulfates downstream from the after-treatment systems. This type of sulfate-rich composition differs from the hydrocarUon-rich composition associated with the nuclei mode particles in TDE (Tobias et al., 2001) . The relative absence of insoluble elemental carbon, and die presence instead of a larger portion of sulfates, should result in the nanoparticles in IVTDE being relatively biosoluUle compared to the EC rich particles in TDE. Given this biosolubility and the very low concentrations of N?DE particle mass, it is very unlif<ely that NTDE could result in any respiratory tract accumulation of particle mass. Furthermore, especially when considered in light of the near-zero concentrations of the organic compounds found in NTDE (if found at all), the earlier in vitro findings relating to TDE particles and their extracts are not germane to NTDE.
Lower nanoparlicles emissions from PITDE
Concern was expressed as early as the ]980s that more nanoparticles particles could be formed as a result of then-emerging new diesel engine technologies, which could pose a potential health hazard. It is now known that this hypothesized hazard does not exist. Kittelson et al. (2006a,b) using a novel on-road experimental setup demonstrated the impact of exhaust after-treatment systems in reducing nanoparticle emissions from diesel engines. The ACES Phase t study similarly revealed that the average total number of particles in NTDE (from engines operating on the FfP transient cycle) was 99% lower than from a 2004 technology engine (and 89% lower when operating on a cycle that triggers regeneration events) ( Fig. 16) (Khalek et al., 201 ] ).
An additional perspective on the influence of the catalyzed diesel particulate filter (C-DPF) on the particle emissions is illustrated in Fig. 17 (Khalek et al., 2011) . In this figure, the average size distribution of particles is shown fora 2004 engine operating without a C-DPFand a 2007 engine (compliant with EPA emission standards) with a C-DPF device. The geometric number mean diameter (GNMD) observed for the 2004 engine without a C-DPF was 46 nm. For the 2007 engine, size distribution data are plotted for 19 cycles when regeneration was occurring and 29 cycles without regeneration. The C-DPF impacts on particle number Burin; both the cycles with and without regeneration. The net effect which is not shown will, of course, be a reflection of the portion of the total operating Khalek et al., 2011). time that involves regeneration events. For the 2007 engine, the GNMD was reduced to 25 nm during regeneration and the number of particles emitted reduced compared to the 2004 engine without a C-DPF. With the 2007 engine, the GIVMD was 40 nm for the very low number of particles emitted during the cycles when regeneration was not occurring. Khalek et al. (2011) also noted that the particle distribution measurements were made in the exposure chamber (without animals present) for the 2007 engines. In contrast, the measurements for the 2004 engine were taken in the constant volume sampler which would involve fresher exhaust. They speculate that the particle number emissions, especially of nuclei-mode volatile particle, for the 2004 engine would have Veen higher if the measurements had Veen made in an exposure chamber further downstream from the engine. They also note that the particle numbers would have been higher for the 2004 engine if it had been operating with a higher sulfur content fuel typical of the pre-2007 time period. Thus, it is apparent that the number of particles contained in NTDE has Veen dramatically reduced -even more so when compared with 7'DE (as opposed to a 2004 model year engine) -and, thus, should not raise any unique health concerns.
In fact, the nanoparticle number concentration emissions contained in NTDE are well below typical urban amUient air concentrations, and amount to a 10,000-fold reduction when compared against older diesel engines not equipped with DPFs (Barone et al., 2010) . Other studies have confirmed that the particle numbers contained in NTDE have been lowered to below ambient bacicground levels (Kittelson et al., 2006a,b) . [n fact, particle number emissions from NTDE on average, are aUout two orders of magnitude lower than TDE (Holmen and Ayala, 2002; Holmen and Qu, 2~04~. Further, under higher load conditions, the particle count from NTDE is essentially undetectable when compared against ambient Uackground particle counts. Still other studies have confirmed that the particle number emissions contained in NTDE are more than three orders of magnitude lower than TDE, and at least one order of magnitude lower than a gasoline vehicle (Bosteels et aL, 200G) .
In another recent study analyzin; the impact of fuel sulfur content on PM emissions, lower nuclei-mode particulate emissions were observed when ULSD fuel (<15 ppm) was used in place of low-sulfur (30E ppm) diesel fuel (Liu et al., 2007) (Fig. 18) . It is apparent that [he significant reduction of sulfur content in diesel fuel resulting from the adoption of the ULSD fuel standards (<15 ppm) has played a role in reducing fine particle emissions as well as alloti~ing the use of catalytic exhaust after-treatment~~s tems. Indeed, there are reports fi-om Denmarf< (Wahlin et al., 2001; and E~~gland (Jones et aL, 2012 ) that introduction of very low sulfur content diesel fuel in those countries resulted in (Liu et a(., 2007) .
substantial reductions in ambient air particle number concentrations soon after the low sulfur content fuel was introduced. Thus, the reduction in ambient particle number was a reflection of the change in fuel in the absence of any changes in the diesel epgines. Herner et al. (2011) have investigated the role of both sulfur storage and exhaust temperature as determinants of the occurrence of nucleation mode particles. Their findings were reviewed by Hesterberg et al. (2012b) who also noted the extent to which the trace concentrations of sulfate-rich particles should not be of concern either due to direct toxicity or from the standpoint of accumulating in the respiratory tract.
In summary, contrary to the concern that new diesel technologies (including DPFs) could augment the formation of nanoparticles, advanced DPFs operating on ULSD are highly efficient in suppressing the PM nucleation mode, and e~chibit up to a 1000-fold reduction (or even more) in nucleation mode particles when compared with TDE (Biswas et al., 2008) . Consequently, in this very important aspect, NTDE, resulting from the combustion of ULSD, is again fundamentally different from what was assumed to be the case for TDE. This provides additional support for the conclusion that any evaluation of TDE should not automatically apply to NTDE.
Experimental studies evaluaring potemial health effects of NTDE
Many reports on the health effects of diesel exhaust have been puUlished in recent years (Hesterberg et al., 2005 (Hesterberg et al., , 2006 (Hesterberg et al., , 2012b . A detailed review of those reports indicates that essentially all of those reports involve the study of TDE. It is not surprising that few studies have been conducted with engines producing NTDE since they have only recently become available on awide-spread basis. Another factor discouraging any studies on NTDE is the extremely clean nature of the NTDE. Even a cursory review by a Uiomedical investigator of the literatw-e on NTDE characteristics would suggest that NTDE has a very low likelihood of producing any adverse effects in the typical toxicity assays. To be candid, there are limited incentives for scientists to undertake studies unless they are likely to demonstrate adverse effects. This emphasizes the importance of the ACES program with government and private industry support that was created specifically to evaluate potential health effects of protracted, low dilution (high concentration) NTDE.exposures, including carcinogenic responses.
As discussed earlier, the initial ACES Phase 3B effort included studies on mice exposed for up to 3 months and rats exposed for at least 24 months and, most likely for 30 months. The McDonald et al. (2012) HEI report describes findings in the mouse studies and for rats exposed for ] 2 months. That report should be available prior to the IARC June 2012 meeting. Table 7 was compiled to help place the concentrations of key constituents in the recently initiated ACES chronic inhalation exposure studies in perspective relative to previous studies with TDE ), Carbon Black (Nikula et al., 1995 and NO2 alone (Mauderly et al., , 1990 . All of those chronic inhalation exposure studies were conducted at the LRR[ in Albuquerque, NM in the same basic facilities that are being used for the ACES study. The Mauderly et al. (1987) study with TDE was one of the earliest studies demonstrating that chronic exposure of rats to low dilutions of whole diesel exhaust, with high concentrations of particles, resulted in an increased prevalence of lung tumors. The Mauderiy et al. (1987) study was unique in several ways. First, the Mauderly et al. (1987) study involved 30 months of exposure and observation to maximize the potential for detecting an excess of tumors. This is very different than typical cancer bioassays, including those conducted for the NTP, which typically are only 24 months in duration (NTP, 2011b) . Second, beyond evaluating the potential carcinogenic effects of TDE, parallel studies were conducted to evaluate many other endpoints (McClellan et al., 1982 (McClellan et al., , 1986 McClellan, 1987) . This included concurrent research on the deposition and retention of the diesel soot in the lungs (Wolff et al., 1987 (Wolff et al., , 1989 . This research demonstrated impairment of clearance and an accumulation of soot in the lungs of the rats at the highest exposure concentrations, accumulation substantially in excess of that predicted from the kinetics at lower exposure concentrations. That finding, as well as other evidence as reviewed in HEI (]995, ]999), Hesterberg et al. (2005) , Mauderly and McCunney (7996) , Mauderly (7997) , and Wolff et al. (1987 Wolff et al. ( , 1989 , suggested that the increased prevalence of lung tumors observed in rats with protracted exposure to high concentrations of TDE was likely a result of an "overload" phenomena associated with the elemental carbon core of the particles and independent of any effect of hydrocarbon compounds such as the PAHs.
To further test the particle overload hypothesis, the Nikula et al. (1995) study was conducted with F344 rats exposed to carbon black, essenrially pure elemental carbon particles devoid of hydrocarbons. As predicted, an increased prevalence of lung tumors was observed. Similar results were found by Heinrich et al. (7995) in studies with carbon black exposures at high concentrations using Wistar rats. It may be noted (Table 12 ) that the exposure intensity (in µg~m3 hr~week) in the Nikula et al. (1995) study at the two exposure concentrations studied bracketed that of the Mauderly et al. (1987) study with TDE.
An additional study (Mauderly et al., , 1990 ) involved exposure to NOZ alone, a major oxidant gaseous constituent in both TDE and NTDE. The exposure concentration studied, 9.5 ppm, was suUstantially higher than was present in the TDE exposure of Mauderly et aL (1987) . As discussed earlier, histopathologic d~anges were observed in the Iwlgs of the rats exposed only to a high concentration of IVOZ. As also noted earlier, die NOz exposure intensity of G6.5 ppm-hr~day was considered by the ACES Oversight Committee to be a "Maximum Tolerated Dose," Uased on effects in the respiratory tract, and used as a basis for selecting the lowest dilution used in the ACES animal study.
In the ACES rat study now in progress, at the lowest dilutions and, thus, the highest concentration of exhaust constituents (i.e. the Maximum Tolerated Dose based on NOz), it was anticipated that respiratory tract effects would be oUserved from the pares to the conducting airway as expected from exposure to high concentrations of an oxidant gas such as NOZ. The effects should be quite similar to those previously reported by Mauderly et al. (1989, ] 990) for 12 or 24 months of exposure to NOZ alone. Indeed, the minimal limited respiratory tract lesions reported by McDonald (2012) , Doyle-Eisele et al. (2012) and McDonald et al. (2072) are remarkably similar to those reported by Mauderly et al. (1989 Mauderly et al. ( , 1990 . It will be useful at an early date to carefully review and compare the liistopathological slides of the respiratory tract of rats from the earlier Mauderly et al. (1989 Mauderly et al. ( , 1990 ) study and those from the cun-ent ACES study. It is important to recall that the NOZ study of Mauderly et al. (1989 Mauderly et al. ( , 1990 continued through 24 months of exposure, the duration of most cancer bioassays. They did not oUserve an excess of lung tumors related to the protracted high concentration NOz exposure.
The findings reported on the NTDE exposures for up to 12 months in the McDonald et al. (2072) report should be carefully reviewed by the IARC Working Group. [n that review, it will be important to interpret the respiratory tract lesions expected and observed as resulting from the exposure to high concentrations of NOZ and not attribute the lesions inappropriately to the trace levels of particulate matter in the NTDE. It will be important to also recognize that the ACES rat bioassay results of greatest interest will be the prevalence of lung tumors in rats exposed to diluted whole exhaust compared tosham-exposed controls, data that will not become available until late 2012 (Mauderly, 2010) .
IARC 2012 review of diesel exhaust
The review by IARC of the cancer hazard classification of diesel engine exhaust on June 5-12, 2012 will be the first review of the emissions of diesel engines since the review conducted in 1988 and reported the following year (IARC, 1989) . As reviewed in this paper, the last quarter century has been one of evolutionary and then in the last decade revolutionary changes in diesel technology with associated remarkable changes and reductions in engine emissions, including the virtual elimination of elemental carbon particles and associated hydrocarbons. We strongly recommend that the 2012 [ARC review, as well as any subsequent reviews of the health hazards of diesel exhaust by international, national, state or local agencies, consider these remarkable changes in the emissions from new technology diesel engines in the course of each assessment. [n other portions of dais paper we have focused on the large body of scientific information that has been published during the last decade on the physical and chemical characteristics of NTDE compared to TDE. We now move to a broader discussion of the scientific information to be considered in the June 2012 [ARC review of the carcinogenic hazards.
Since the 1988 lARC review, a large number of papers have been published on the health effects of diesel exhaust emissions, but essentially all have been concerned with TDE. A review of all of that literature is beyond the scope of this paper. However, it is appropriate to briefly relate some key aspects of the post-] 9S8 literature that should be considered in [he 2012 IARC review. It is anticipated that the 2012 review, in the tradition of IARC, will consider scientific information in four areas (recall Section 4): (a) exposure data, (V) studies of cancer in humans, (c) studies of cancer in laboratory animals, and (d) mechanistic and other relevant data as a basis for preparing a (e) summary and (~ evaluation and rationale section.
The sec~ion on "exposure data" is especially important in the forthcoming review because of the revolutionary advances made in diesel technology to purposefully reduce and change the composition of the ver~~ small quantities of emissio~ls that are still 25] characterized as particulate material. As discussed earlier, this situation is dramatically different than for a specific chemical whose physical properties never change. As we have emphasized in this paper, it will be important for the exposure data review to carefully distinguish between TDE, including advances in knowledge since 1988, and NTDE. These separate reviews in the exposure data section will provide the basis for their separate consideration in the summary and evaluation and rationale sections of the fARC monograph.
In the section of the diesel exhaust monograph reviewing "studies in humans," it will be important to note at the outset that the section covering carcinogenic findings will only consider TDE. Since new diesel technology and improved fuels have only recently been introduced, epidemiological studies of the carcinogenic hazard of IVTDE have not Veen conducted. Indeed, the very low concentrations of potentially hazardous chemicals in NTDE relative to the concentrations of those or similar chemicals from other sources in the workplace and ambient environment suggest that it may not be feasible to conduct epidemiological studies of NTDE even when the new technology has largely displaced the old traditional diesel technology, due to a lack of any unique markers of the low-level NTDE exposures.
Since the 1988 IARC review, some additional epidemiological studies have been conducted and published on TDE and will be central to the 20]2 re-evaluation of diesel exhaust. Ward et al. (2010) noted the role of epidemiological evidence in potentially upgrading the IARC classification of diesel exhaust and some l9 other agents. Multiple reviewers (Mauderly and Garshick, 2009; HE[, 1995 HE[, , 1999 HE[, , 2002 Hesterberg et al., 2006 Hesterberg et al., , 2012b Gamble, 2010; Gamble et al., 2012) have reviewed and commented on the strengths and weaknesses of the various epidemiological studies. The HE[ report made specific note of the absence of a well-accepted marker of exposure to diesel exhaust, what we now call TDE.
The most comprehensive recent review of the epidemiological literature was conducted Uy Gamble (2010) . His review focused on 13 studies. It considered the proportion of cases with more than 20 years since initial DE exposure; strength of association; biological gradients; roles of chance, bias, and confounding; and consistency. Five studies had adequate latency, six had a minority of workers with >20 years' latency, and in two studies most workers had inadequate latency. This pattern suggested too few studies were relevant for evaluating the association between diesel exhaust exposure and lung cancer. The IG highest exposure categories that were evaluated revealed 7 with probable associations (relative risk [RR] > 1.5), 7 with improbable or no association (RRs < 1.2), and 2 with possiUle associations (RRs 1.2-].5). Gamble interpreted this random pattern with many weak RRs as not supporting the DE-lung cancer hypothesis. Ten of 34 exposure-response (E-R) analyses showed positive trends and 24 had indeterminate or negative trends. Gamble concluded that this small number of positive Uiological gradients did not support causality. Weights of evidence suggested 70q of the studies were indeterminate, whereas 30%were positive or negative, indicatin; a lack of consistency. He concluded that the epidemiological studies did not provide an adequate test of the hypothesis that diesel exhaust exposure (TDE) and lung cancer were causally associated, and he emphasized the need for additional studies with loner follow-up and quantitative exposure-response analyses.
It is important to note that the Gamble (2010) review included re-evaluations of epidemiological studies that had a prominent role in the 1988 IARC review. In particular, the Garshick et al. (1987 Garshick et al. ( , 1988 papers were based on a data set that was subsequently extended and re-evaluated by Crump (1999 Crump ( , 2001 . The IARC Worl<in~ Group in 1985 had exercised caution in interpreting the original reports of Garshick et al. (]987, ]988) as a Uasis for the summary conclusion of "limited evidence of carcinogenicity in humans." The subsequent re-evaluation by Crump et al. (799] ), Crump (1997 Crump ( , 1999 )_indicates .that the cautious approach of the 1988 IARC Working Group was well justified. Significantly, the analyses conducted by Crump were commissioned and made possible by the US Environmental Protection Agency.
Very recently, four additional papers have been published on the hypothesized association between exposure to diesel exhaust and lung cancer and have Ueen reviewed by Gamble et al. (2012) . Two of the papers (Villeneuve et al., 2011; Olsson et al., 2012) were population-based studies that reported significant exposure-response trends between cumulative diesel exhaust exposure and lung cancer existed that were unlikely to be entirely explained by bias or confounding. Gamble et al. (2012) , however, concluded that the Villeneuve et al. (201 ] ) and Olsson et al. (2012) papers do not provide a basis for definitive conclusions on the diesel exhaust-lung cancer association because of their use of qualitative exposure estimates, exposure misclassification issues, inconsistent exposure-response trends and selection bias related to low participation rates.
Two recent papers, whose publication has been anticipated for some time, reported results from the Diesel Exhaust in Miners Study (DEMS). This study was initiated jointly by the National Institute of Occupational Safety and Health and the National Cancer Institute in the mid-1990s. DEMS include 12,3]5 miners from 8 non-metal mines (3 potash, 3 trona, 1 low silica limestone and 1 salt (halite mine) in the United States. Mortality was followed through December 31, 1997 and substantial effort was directed to retrospectively assessing exposure to Respirable Elemental Carbon (REC), the primary exposure indicator used in the studies. Attfield et al. (2012) reported that "Initial (i.e. a priori defined) analyses from the complete cohort did not reveal a clear relationship of lung cancer mortality with DE exposures." The priori analyseswere conducted in accord with the original published protocol (NIOSH, 1997) . Nonetheless, the Attfield et al. (2012) paper then goes onto describe posterior analyses which they interpret as demonstrating an association between diesel exhaust exposure and lung cancer risk. Silverman et al. (2012) report findings from a nested case-control study utilizing 198 lung cancer deaths and 562 incident density-sampled controlled subjects. They report statisdcally significant increasing trends in lung cancer risk with increasing cumulative REC and average REC intensity.
An anticipated strength of the DEMS analyses was to be the careful attention given to developing a retrospective exposure assessment for the cohort to derive quantitative (not surrogate or qualitative) estimates of REC exposure. The results of those analyses have been reported in five papers (Coble eta(., 2010; Stewart et al., 20] 0, 2012; Vermeulen et al., 2010a.b) . Unfortunately, only 85 measurements of REC were available pre-] 998. All the other REC values used in the analyses reported by Attfield et al. (2012) and Silverman et al. (2012) were based on extrapolations of REC from surrogate CO measurements that were either made post-1975 or that were derived from pre-1976 estimates of tl~e horse-power of diesel equipment and mine ventilation rates. The estimated CO levels ultimately served as the surrogate basis for the stimated levels of REC. The pre-1976 estimates of REC (based solely on estimates of CO levels) are especially critical because the use of a 15-year lag in the DEMS epidemiological analyses means that the DEMS results are entirely dependent upon REC estimates for 1982 and earlier years, recognizing that the latest deaths included in the Attfield et al. (2012) and Silverman et al. (2012) studies would have occurred in 1997.
The validity of the estimated REC exposures has Ueen questioned (Borak et al., 2077; , McKain et al. (2012) and Yanowitz et al. (2000) have reported there is no clear correlation between diesel engine emissions, among different diesel engines of particulate matter (which would include REC) and CO, or between HP and CO emissions, among different diesel engines.. Thus,. the fundamental assumptions that under-gird the DEMS estimates of REC exposure appear to be flawed. These issues were raised by Borak et al. (2011) after the initial DEMS exposure assessment papers were published and before the Attfield et al. (2072) and Silverman et al. (2012) papers were completed and published. More recently, Crump and Van Landinghan (2012) has reported on a re-analysis of a portion of the DEMS exposure data and has emphasized the significant concerns that result from not carrying major uncertainties in the REC exposure assessment forward in the conduct and reporting of the results of any epidemiological analyses of the DEMS cohort At this juncture, it is important to recall the experience with the initial papers of Garshick et al. (1987 Garshick et al. ( , 1988 ) that reported a positive, monotone dose (more correctly stated as exposure-response trend) in lung cancer mortality with increasing duration of euposure. After careful independent re-analysis of the original raw data set and further follow-up after the IARC review, it was found that the original finding was not valid. Indeed, Crump et al. (1991) , Crump (1997 Crump ( , 2001 concluded there was no consistent exposure-response trend with any quantitative measure of diesel exposure. In view of the potential importance of the reports of Attfield et al. (2012) and Silverman et al. (2012) in the IARC cancer hazard evaluation as well as those that will be conducted by other bodies, it is important that the NIOSH-NCI data (exposure assessments and vital statistics) be independently re-evaluated at the earliest possibletime to validate the results of the original analyses and, as warranted, be assessed through more extensive analysis. It is uncertain if such analyses using the total N[OSH~NCI data set can be accomplished prior to the June 2012 IARC review.
The evaluation of "animal studies" of diesel exhaust conducted at four laboratories (in the United States, Germany, Switzerland and Japan) was central to the earlier IARC evaluation of diesel exhaust. Importance of the animal evidence in the 1988 IARC review was heightened by the Working Group's conclusion that the epidemiological findings only provided "limited evidence of carcinogeniciry." All of the laboratory animal studies were conducted at about the same time in the ]980s. However, not all of the analyses had been completed and published at the time of the 1988 review. Additional papers fi-om those early studies were published after the 1988 review and will deserve careful attention in the 2012 review. Those papers have been considered in reviews by HE [ (1995, 1999) , Hesterberg et al. (2005 Hesterberg et al. ( , 2006 Hesterberg et al. ( , 2012b , Garshick (2009), McClellan (1996) , Mauderly (2000) , and US EPA (2002) .
[t is anticipated that a major issue to be discussed-at the 2012 review will be the role of lung overload as a mode of action in producing the excess of lung tumors observed in rats exposed for extended times to high concentrations of diesel exhaust particulates and the relevance of these findings for evaluating human cancer hazard. The monograph (IARC, 1989) made note of the changes in the lungs of rats exposed to the highest concentrations of diesel exhaust, including altered clearance when exposures were above about 300 mg-hr~week. However, it was not until after the 1988 review that it was ;enerally recognized that prolonged exposure of rats to high Concentrations of several kinds of poorly soluble particles (not just diesel exhaust particles) impaired clearance mechanisms, produced lung burdens of particles in excess of that projected from lower exposure levels, produced chronic lung pathology and, most significantly, resulted in an excess of lung tumors (Greim et al., 200] Watson and Valberg, 1996; Wolff et al., 1987 In recent years, the issue of evaluating the hazards of a wide range of poorly soluUle particulate material has received additional scientific attention resulting in a number of publications concerning the extrapolation of laboratory animal findings on poorly solu-Ule inhaled particulate material to humans. For example, Pauluhn (2011) has recently offered a unifying approach for evaluating the toxicity of poorly soluUle submicron particulate matter which would include the hallmark DEP found in TDE. The outcome of the discussions on the role of paiYide overload in rats leading to an excess of lung tumors will have implications for deciding on the weight of evidence to be assigned to the finding of excess lung tumors in rats exposed for long periods of time at high concentrations in the overall evaluation of the cancer hazard of TDE. Whatever the outcome of the discussion, it is important to recognize that NTDE is essentially devoid of the hallmark DEP found in TDE.
[n the section on "animal studies" for NTDE, it is important that the 2012 Monograph provide a clear description of the ACES chronic bioassay in rats being conducted with NTDE. In short, this description will serve as a promissory note of results yet to be obtained that will be valuaUle in any future hazard evaluation of IYTDE. Recall that a key objective of the ACES program was to test the "null" hypothesis that emissions from diesel engines compliant with the EPA's 2007 emission standards "will not cause an increase in tumor formation -at the highest concentration of exhaust that can be used."
It is to be anticipated that the section on "mechanistic and other relevant data" for TDE will consider the overload mode of action discussed above and the significance of the DEP associated hydrocarbons in evaluating human cancer hazards. It is our view that the excess lung tumors observed in rats chronically exposed to high concentrations of diesel exhaust is aspecies-specific effect occurring as a result of the overload phenomena. It is not necessary to invoke a role for particle-associated hydrocarbons in explaining these findings in rats. The absence of an excess of lung cancer in mice and Syrian hamsters chronically exposed to high concentrations of diesel exhaust raises questions as to whether the hydrocarbon fraction of diesel exhaust has been demonstrated to cause cancer. For example, the Mauderly et al. (1996) report of an absence of excess lung tumors in mice exposed concun-ently with rats that exhiUited lung tumors related to the overload phenomena Wolff et al., 1987) serves as a dramatic iliustration of [he role of the ove[load phenomena and species differences in response.
Consistent with the recommendations we have offered earlier, it is our view that the "summary" and "evaluation and rationale" sections of the 2012 IARC review should provide for separate evaluation of TDE and NTDE. In our opinion, the scientific information available on NTDE supports placing NTDE in Group 3, not classifiable as to its carcinogenicity in humans. When the results of the ACES chronic bioassay in rats exposed to the Maximum Tolerated Dose (more correctly concentration and time) becomes available, the cancer hazard classification of NTDE should be re-evaluated.
Summary
The information reviewed above comparing NTDE to TDE has shown that in the case of technolo;y-specific emissions (such as diesel exhaust), technological advances can have a profound impact on reducing and changing the composition of emissions. This situation is in sharp contrast to that for a particular chemical agent that has physical properties, including those that determine its hazard potential, which never change.
Major revolutionary advances have been made in diesel tech-nolo~y, especially during the last decade, whid~ ha~~e impacted on exhaust emissions. Those advances which are integrated as a 253 system include: (a) engine improvements including the use of exhaust gas recirculation; (b) use of ultra-low sulfur diesel fuel; (c) exhaust after-treatment including oxidative catalysts and wallflow particulate matter traps; and (d) electronic sensing and computerized control systems. The new systems are extraordinarily effective in substantially reducing and changing particulate matter exhaust as compared to TDE emissions. The key changes are: lower particulate mass emissions, different chemical composition, lower particle number emissions, altered composition of the semi-volatile fraction, and lower concentrations of unregulated pollutants. Thus, the N7'DE emissions are substantially different, both quantitatively and qualitatively, than TDE emissions. Moreover, the NTDE emissions are now similar to or lower than those of modern CNG or modern gasoline-fueled engines.
The extensive characterization of NTDE has clearly established that the emissions are substantially lower than the applicable, very stringent regulatory emission standards. Moreover, the detailed chemical characterization gives confidence that the emissions do not contain any unique constituents that might pose a hazard to humanhealth. The new technology heavy-duty engines with ultra-low particulate emissions were introduced into the market for on-road use in 2007 as required by US regulations, and have been well received by customers. Starting in 2010, the engines marketed in the USA continue to have ultra-low particulate mass emissions and, in addition, even lower [VOx emissions than the 2007 model engines.
In future years, the number of NTDE units will increase and the number of TDEunits will decrease inthe on-road fleet. Moreover, a similarshift will follow with off-road diesel-power equipment.
To further validate the lack of health hazard of NTDE, exhaustive investigations are now underway in which mice and rats are being exposed to graded concentrations of whole N7'DE. The highest concentrations being studied are a dilution of only 40:1 of engine-out emissions, a dilution selected to limit potential effects of the NOz . However, the high concentration NOZ component at the highest exposure level was expected and has produced minimal/ limited modest histopathological changes in the respiratory tract. The bioassay with rats exposed for 30 months (16 h~day, 5 days week) is similar in design to the earlier studies with TDE in which an excess of lung tumors was observed at the highest particulate mass concentrations (the lowest dilutions of whole TDE). Thus, the results of the NTDE and TDE cancer bioassays can Ue directly compared when the NTDE Uioassay is completed and reported in 20]3. Moreover, it is clear that the results of the NTDE bioassay will provide a direct evaluation of the ACES core (null) hypothesis that the NTDE exposure "will not cause an increase in tumor formation or substantial toxic health effects in rats and mice at the highest concentration of exhaust that can be used -compared to animals exposed to "clean air," although some biological effects may occur."
Based on the remarkable differences in concentration and composition of NTDE compared to TDE, it is our recommendation that NTDE should be evaluated and classified separately from TDE by the [ARC Working Group in June 2012.
Conclusions
The use of diesel engines as reliable and efficient sources of power to move foods and people and meet other critical needs of society has steadily grown over the past century. During the past half century, concerns arose over the impact of diesel engine exhaust on visibility and human health and more recently on climate change. Those concerns were soon reflected in increasingly more stringent regulations to limit engine emissions. The need for progressively lower emission standards vas reinforced by increasingly stringent National Ambient Air Quality Standards for Particulate Matter, Ozone and Nitrogen Dioxides.
[n response to the stringent regulations, the manufacturers of diesel engines and refiners of diesel fuel made evolutionary and, more. recently, revolutionary advances_ in diesel technology.including improved engines, exhaust afrer-treatment and use of improved, ultra-low sulfur fuels. This new technology is being rapidly introduced into the market to replace traditional diesel engines and fuels. The particulate matter concentration in NTDE is remarkably lower than in TDE and the composition of NTDE is distinctly different than that of TDE. The TDE particles illustrated in Fig. 1 , with their core of elemental carbon and substantial amount of associated hydrocarbons, are simply not present in NTDE. It is clear that there have been paradigm-shifting advances in the control of diesel exhaust emissions in response to progressively more stringent regulations.
The earlier IARC (1989) review classified whole diesel exhaust, which we characterize as TDE, as a "probable human carcinogen, Group 2A." The same IARC Working Group classified whole gasoline exhaust, which we characterize as tradirional gasoline exhaust, as a "possible human carcinogen, Group 2B:' IARC in June 2012 will again review the carcinogenic hazard classification of diesel exhaust and gasoline exhaust Since the previous IARC review, substantial new information has been published on epidemiological observations relating to workers exposed to TDE and on the mechanisms by which protracted exposure to high concentrations of TDE and other poorly soluble particles produces lung tumors in rats. That new information will need to be critically evaluated by the [ARC working group as it considers appropriate carcinogenic hazard classifications for whole diesel exhaust It is our view that whatever classification is given, it should be specifically identified as being applicable to TDE. We recommend, in recognition that NTDE is fundamentally different than 7DE, that IARC evaluate and classify NTDE separately from TDE. Likewise, it is appropriate for IARC to recognize that sufficient information is now available for gasoline e~chaust to separately evaluate TGE and MGE. This is the approach shown schematically in Table 6 . This approach would be similar to the approach taken by IARC (2002) in an earlier review and classification of-newly developed biosoluble glass wool fibers as "not classifiable as to human carcinogenicity, Group 3." It is our recommendation, based on current scientific information, that it would be appropriate to classify NTDE as "Group 3, not classifiable as to human carcinogenicity." Classifying NTDE in Group 3 will serve to distinguish the new technology diesel engine and fuel from the old traditional diesel technology that produced TDE. Most importantly, this distinction will encourage the deployment ofultra-clean diesel technology around the world with a resulting profoundly positive impact in improving ambient air quality and public health.
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